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ABSTRACT 

This r e p o r t  d i scusses  i n s t a b i l i t i e s  in-metal-insulator-semiconductor 

devices  with s p e c i a l  emphasis on t h e  e l e c t r o n i c - t y p e - o f - i n s t a b i l i t y  present  

i n  s i l i c o n  n i t r i d e  MIS devices.  I n  genera l ,  i n s t a b i l i t i e s - i n  MIS devices  

can be c l a s s i f i e d  as ion ic  or e l e c t r o n i c  in -na tu re ;  Ion ic  i n s t a b i l i t i e s  

arise from ion  t r a n s p o r t  within t h e  in su la t ing  f i lm-whi le  e l e c t r o n i c  

i n s t a b i l i t i e s  involve t h e  flow of  e l ec t rons  and ho le s - f rom. the  semiconductor 

t o  trapped states e i t h e r  a t  t h e  semiconductor-insulator i n t e r f a c e  or with- 

i n  t h e  bulk of t h e  in su la to r .  

A model is  presented and discussed f o r  e l ec t ron  and-hole  i n j e c t i o n  

from t h e  semiconductor i n t o  t h e  i n s u l a t o r  over a Scho t tky -ba r r i e r ,  with 

the  subsequent t rapping  o f  t h e  carriers within t h e  in su la to r .  

b i a s  vol tage appl ied t o  an MIS device t h i s  is shown t o - l e a d  t o  an  in j ec t ed  

charge within t h e  i n s u l a t o r  which depends on t i m e  as approximately l n ( t )  

f o r  many orders  of magnitude i n  time following some i n i t i a l  t i m e  i n t e r v a l .  

For low i n s u l a t o r  energy band gaps, t h i s  l eads  t o  a very pronounced and 

long t i m e  i n s t a b i l i t y  which causes a s h i f t  i n  the-eLY c h a r a c t e r i s t i c  which 

is opposi te  t o  t h a t  of  an ion ic  i n s t a b i l i t y .  

For a s t e p  

Experimental r e s u l t s  are presented f o r  t h e  i n s t a b i l i t y  present  i n  s i l i c o n  

n i t r i d e  devices ,  and t h i s  is shown t o  be i n  reasonably good agreement with 

t h e  Schottky b a r r i e r  i n j e c t i o n  model. The energy band gap f o r  t h e  s i l i c o n  

n i t r i d e  films obtained from t h e  charge i n s t a b i l i t y  measurements is  4.2ev f 0.2ev. 



iii 

TABLE OF CONTENTS 

List of Figures 

1. Introduction 

2. Instabilities in Metal-Insulator-Semiconductor Devices 

3 .  Schottky Barrier Injection Model for Electronic Type of 
Instability 

4. Experimental Techniques and Results 

5. Discussion and Conclusions 

6. References 

Page 

iV 

1 

4 

30 

54 

73 

76 



1, 

2. 

3, 

4. 

5. 

6. 

7. 

8. 

9. 

10 0 

11 0 

1 2 "  

13. 

14 0 

15  

16 

1 7  

1 8  

19  * 

20. 

21. 

22 0 

23 a 

24 

25 

Energy band diagram f o r  an i d e a l  MIS device 

C-V c h a r a c t e r i s t i c  f o r  i d e a l  MIS device (n-type semiconductor) 

Energy band diagram f o r  a non-ideal  i n s u l a t o r .  ( d i s c r e t e  
l e v e l s  shown f o r  convenience only)  

Net p 'osi t ive i n s u l a t o r  charge due to 'donor  3 ike  i n s u l a t o r  
impur i t ies  

C-V c h a r a c t e r i s t i c  of an MIS device with a f ixed in su la to r  charge 
(n-type semiconductor) 

I d e a l  C-V curve f o r  MIS devices 

Energy band diagrams f o r  MIS device with donor l i k e  sur face  
states 

C-V curves f o r  a d i s c r e t e  su r face  s ta te  wi th in  the  forbidden band 

C-V curves f o r  d i s t r i b u t e d  su r face  states 

S h i f t s  i n  C-V curves f o r  ion  d r i f t  i n  i n s u l a t o r  with fast C-V 
bias sweep 

Elec t ronic  charge flow out  of t h e  i n s u l a t o r  f o r  a negat ive b i a s  

Charge i n j e c t i o n  i n t o  t h e  i n s u l a t o r  with subsequent t rapping  
of charges,  f o r  negat ive b i a s  

S h i f t s  i n  C-V curves f o r  e l e c t r o n i c  i n j e c t i o n  i n t o  i n s u l a t o r  
with fas t  C-V b i a s  sweep 

Energy band diagram between a metal  and an i n s u l a t o r  

Energy b a r r i e r s  f o r  s t rong  accumulation and s t rong  invers ion  

Change i n  b a r r i e r  he ight  as a func t ion  of t i m e  ( 2  = A$/kT) 

Change i n  t rapped charge as a func t ion  of t i m e  

S h i f t  i n  flat-band vol tage with t i m e  

Premature s a t u r a t i o n  of i n j e c t i o n  charge because of a f i n i t e  
t r a p  r e l e a s e  t i m e  

Reduction i n  b a r r i e r  height  and Z 
func t ion  of appl ied  f i e l d  

T i m e  constant  r 
Barrier he ight  requi red  t o  make r = 10 sec as a func t ion  of  
temperature 

Sketch of C-V measuring equipment 

Typical s h i f t  i n  f la t -band vol tage with t i m e  under p o s i t i v e  and 
negat ive b i a s  f o r  SigN4 devices 

Typical f la t -band Voltage s h i f t  f o r  '$sitive gate  b i a s  

a t  room temperature as a 
0 

as a func t ion  af b a r r i e r  he ight  a t  3 O O O C  
5 0 

0 

i V  

Page 

5 

5 

8 

9 

1 0  

15 

20 

22 

23 

25 

26 

27 

28 

32 

35 

4 1  

43 

47 

49 

50 

5 1  

53 

56 

63 

65 



V 

LIST OF FIGURES (con t ' d )  

Figure Page 

26, Typical f lat-band vol tage  s h i f t  f o r  negat ive gate b i a s  66 

27. Flat-band vol tage s h i f t  f o r  p o s i t i v e  g a t e  b i a s  f o r  an unsymmetri- 
cal  device 69 

Flat-band vol tage  s h i f t  for negat ive b i a s  fo r  a unsymmetrical 
device 70 

29. Erratic behavior observed on some devices 72 

. 

28. 



1. INTRODUCTION 

Probably t h e  m o s t  pronounced f a c t o r  which has so far l imi t ed  t h e  wide- 

scale use of  metal-insulator-semiconductor (MIS) devices i n  e l e c t r o n i c  equip- 

ment is t h e  charge i n s t a b i l i t i e s  which have been found t o  be assoc ia ted  with 

t h e  i n s u l a t o r  l a y e r ,  The most ex tens ive ly  inves t iga t ed  system i s  t h a t  i n  

which t h e  i n s u l a t o r  is  thermally grown Si0 

a dry oxygen oxida t ion  Ell. 

i d e n t i f i e d  as ion  motion i n  t h e  oxide under appl ied  e l e c t r i c  f i e l d s  C21, 

[a], ‘[4l, C51, [SI .  

growth process or meta l iza t ion  process has been shown t o  be t h e  most l i k e l y  

cause of t h e  i n s t a b i l i t y .  

i n  e l imina t ing  ions  from oxide l aye r s  by t h e  use of u l t r a  c lean techniques 

i n  t h e  manufacturing process .  This has made it poss ib l e  t o  produce metal- 

oxide-semiconductor devices which are r e l a t i v e l y  s t a b l e  a t  temperatures up 

t o  3 O O O C  c71. 

e i t h e r  by a steam oxidat ion or 2 

The major type of i n s t a b i l i t y  i n  Si02 has been 

Sodium ions incorporated i n t o  t h e  oxide during the  

Great s t r i d e s  have been made i n  t h e  p a s t  f e w  years  

SI 

In  at tempts  t o  overcome some of t h e  l i m i t a t i o n s  of SiO, i n s u l a t o r  l aye r s ,  

o t h e r  materials 

months. Two of 

( A 1 2 0 3 )  While 

C81, C91, C l o l ,  

b i l i t y  i n  which 

L 

have been t h e  sub jec t  of d e t a i l e d  inves t iga t ions  i n  recent  

t hese  a r e  s i l i c o n  n i t r i d e  ( S i  N ) and aluminum oxide 

ion  migration can be g r e a t l y  reduced i n  these  materials 

CUI, they have so  far exhib i ted  a d i f f e r e n t  type of  i n s t a -  

e l e c t r o n i c  charge i s  t r ans fe red  or i n j e c t e d  from t h e  

3 4  

semiconductor or metal i n t o  t h e  i n s u l a t o r  where it becomes subsequently 

t rapped C121, C131, 

i n  t h e  i n s u l a t o r  causes a s h i f t  of t h e  electrical c h a r a c t e r i s t i c s  with 

t i m e  of  t hese  devices ,  

This build-up of trapped charge,  e i t h e r  e l ec t rons  or holes ,  

This i n s t a b i l i t y  is espec ia l ly  pronounced i n  Si3N4 

devices where r a p i d  room temperature s h i f t s  i n  t h e  f l a t  band vol tage of MIS 

capac i tors  occur. 
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The present  work is devoted t o  a d iscuss ion  of  t h i s  e l e c t r o n i c  

charge i n j e c t i o n  i n s t a b i l i t y  as opposed t o  t h e  i o n i c  i n s t a b i l i t y  

has been ex tens ive ly  inves t iga t ed  i n  connection with Si0 

l a y e r s .  A model i s  presented f o r  t h e  e l e c t r o n i c  i n s t a b i l i t y  which is  

based on e l ec t ron  and hole  i n j e c t i o n  between t h e  e l ec t rodes  (metal or 

semiconductor) and t h e  semiconductor over a Schottky b a r r i e r .  

i son  of t h e  model with experimental  d a t a  on Si3N4 devices i s  a l s o  pre- 

sented.  

which 

i n s u l a t i n g  2 

A compar- 

The present  i nves t iga t ion  arose from i n i t i a l  work on r a d i a t i o n  effects 

on S i  N l aye r s  C121. Early work under t h e  present  cont rac t  i nves t iga t ed  

t h e  effects of gamma r a d i a t i o n  on thermally oxidized s i l i c o n  wafers C141, 

C151. The effects of r a d i a t i o n  on oxide charge b u i l d  up as w e l l  as the  

effects on su r face  and bulk recombination were s tud ied  and repor ted  i n  

previous r e p o r t s  C151, C161. Because of t h e  increased i n t e r e s t  i n  S i  N 

f i l m s  as i n s u l a t i n g  l aye r s  i n  r ecen t  yea r s ,  it appeared t o  be des i r ab le  

t o  inves t iga t e  t h e  d i f fe rences  i n  r a d i a t i o n  e f f e c t s  on Si0 and S i  N 

When i n i t i a l  a t tempts  were made t o  study gamma r a d i a t i o n  effects on n i t r i d e  

f i l m s ,  t he se  effects were found t o  be masked by t h e  e l e c t r o n i c  i n s t a b i l i t i e s  

present  i n  t h e  n i t r i d e  devices ,  

u se fu l  r a d i a t i o n  e f f e c t  r e s u l t s  could not  be obtained with the  l a r g e  elec- 

t r o n i c  i n s t a b i l i t i e s  present  i n  t h e  n i t r i d e  f i l m s .  

work which i s  concerned with the  phys ica l  o r i g i n  of t h e  e l e c t r o n i c  i n s t a -  

b i l i t i e s  present  i n  t h e  n i t r i d e  f i l m s .  

3 4  

3 4  

2 3 4 '  

From t h i s  work it became apparent t h a t  

This l e d  t o  t h e  present  

I n  a previous report! ,  two models were suggested for t h e  i n s t a b i l i t i e s  

present  i n  n i t r i d e  devices [12]. 

t h e  e l ec t rodes  (both t h e  s i l i c o n  and metal) i n t o  t h e  n i t r i d e  f i l m s .  This 

can be i n j e c t i o n  e i t h e r  over t h e  energy b a r r i e r  between t h e  e lec t rodes  

One of these  is charge i n j e c t i o n  from 
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and t h e  i n s u l a t o r ,  i .e.  Schottky b a r r i e r  i n j e c t i o n ,  or tunnel ing i n t o  t h e  

conduction band of the  n i t r i d e  f i l m  from the  e l ec t rodes ,  i .e.  Fowler- 

Nordheim emission. 

b a r r i e r  i n j e c t i o n  of both e l ec t rons  and holes  is probably t h e  dominant 

process ., 

The present  experimental  da t a  ind ica t e s  t h a t  Schottky 
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2, INSTABILITIES I N  METAL-INSULATOR-SEMICONDUCTOR DEVICES 

This chapter  contains  a d iscuss ion  of t h e  var ious types of  i n s t a b i l i -  

t ies  which can occur i n  MIS s t r u c t u r e s  and how these  affect t h e  electrical  

p rope r t i e s  of devices .  The term i n s t a b i l i t i e s  is used here  t o  refer t o  

t i m e  dependent changes i n  t h e  electrical p rope r t i e s  of a metal- insulator-  

semiconductor device which are not  pred ic ted  by t h e  i d e a l  metal- insulator-  

semiconductor model. 

f e c t  i n s u l a t o r  with no e l e c t r o n i c  s t a t e s  i n  t h e  i n s u l a t o r  or at  t h e  i n t e r -  

face between t h e  i n s u l a t o r  and semiconductor. This is  j u s t  t h e  model 

normally used i n  analyzing MIS capac i to r s ,  Within t h i s  d e f i n i t i o n  of 

i n s t a b i l i t i e s  then,  i n t e r f a c e  s t a t e s  of e i t h e r  t h e  fast  or slow type 

give rise t o  t i m e  dependent e f f e c t s  which are c l a s s i f i e d  as i n s t a b i l i t i e s .  

Other types of  i n s t a b i l i t i e s  arise from charge motion i n  the  i n s u l a t o r  

layer .  In  many cases  it is d i f f i c u l t  t o  experimentally d i s t ingu i sh  

between bulk i n s u l a t o r  charge e f f e c t s  and i n t e r f a c e  states. This is  

p a r t i c u l a r i l y  t r u e  with t h e  e l e c t r o n i c  type of  i n s t a b i l i t y  which is  

discussed i n  d e t a i l  i n  t h i s  r epor t .  

The i d e a l  MIS model is  assumed t o  be t h a t  of a per- 

The energy band diagram f o r  an i d e a l  MIS device is shown i n  Figure 1. 

A d i f f e rence  i n  work func t ion  between t h e  metal and semiconductor r e s u l t s  

i n  a s m a l l  amount of band bending i n  t h e  i n s u l a t o r  and semiconductor. 

i d e a l  MIS device has been analyzed i n  g rea t  d e t a i l  by many i n v e s t i g a t o r s  

Cl], L171, C181, and t h e  i d e a l  C-V c h a r a c t e r i s t i c  for such a device 

with an n-type semiconductor is shown i n  Figure 2 ,  where V is t h e  

metal-to-semiconductor vol tage.  The f l a t  band capaci tance C is an 

important po in t  on t h e  C-V curve and t h i s  occurs a t  V=O f o r  t h e  i d e a l  

MIS device with equal  metal and semiconductor work func t ions .  

value of  f l a t  band capaci tance p e r  u n i t  area is  given approximately 

The 

FB 

The 



M 

/ 
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5 

Iz wI c C -  

------ 

n-type semiconductor 
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Figure 1. Energy band diagram for an i d e a l  MIS device 
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Figure 2. C-V c h a r a c t e r i s t i c  f o r  i d e a l  MIS device 
(n-type semiconductor) 
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by t h e  expression C191 

- - ‘I ‘SFB 
‘FB cI + cSFB 9 

where 

and C is t h e  i d e a l  i n s u l a t o r  capaci tance pe r  u n i t  area given by I 

N 

band capaci tance is t h e  MIS capacitance when t h e  semiconductor energy band 

i s  t h e  bulk impurity dens i ty  i n  t h e  n-type semiconductor. The f l a t  D 

is f l a t  a t  t h e  surface, or when t h e  electric f i e l d  a t  t h e  i n t e r f a c e  i s  zero.  

This value of capaci tance is of s ign i f i cance  even f o r  non-ideal MIS devices.  

Practical  MIS s t r u c t u r e s  are modified i n  seve ra l  s i g n i f i c a n t  ways 

from t h e  i d e a l  s t r u c t u r e .  These changes a r i s e  from t h e  non-ideal na ture  

of p r a c t i c a l  i n s u l a t o r  l aye r s ,  For t h e  purpose of t h i s  d i scuss ion  

t h e  e l e c t r o n i c  energy l e v e l s  i n  t h e  i n s u l a t o r  w i l l  be discussed i n  

semiconductor terms, ;,e. t he  i n s u l a t o r  is assumed t o  be a wide band-gap 

semiconductor, There is c e r t a i n l y  some quest ion as t o  t h e  v a l i d i t y  of 

car ry ing  over completely a l l  semiconductor concepts t o  i n s u l a t o r s ,  

e spec ia l ly  amorphous i n s u l a t o r s  such as S i  N 

a n i ce  c r y s t a l  s t r u c t u r e  i n  these  materials, e l e c t r o n i c  motion may be 

Because of t h e  lack  of 3 Q 0  

due more t o  a hopping mechanism than  t o  a band conduction mechanism. 

Cer ta in ly  i f  t h e  i n s u l a t o r  mobil i ty  is low ( <  l c m  /v  sec) such a 2 

p o s s i b i l i t y  must be se r ious ly  considered. I n  terms of a model f o r  t h e  

i n s u l a t o r ,  however, charge carrier t r anspor t  by hopping is very similar t o  

an energy band’model with t r a p s .  The important f e a t u r e s  of both models 
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are t h e  ex is tence  of  high energy l e v e l s  i n  which t h e  e l ec t ron  can be 

t ranspor ted  through t h e  i n s u l a t o r ,  and the  ex is tance  of  lower energy l e v e l s  

a t  which t h e  charge carrier is  no longer  free t o  move wi th in  t h e  in su la to r .  

The i n s u l a t o r  energy band model assumed, then,  is t h a t  of  a wide band-gap 

semiconductor with t r a p s  f o r  both electr 

There may a l s o  be a d d i t i o n a l  e l e c t r o n i c  energy l e v e l s  i n  t h e  

i n s u l a t o r  forbidden band due t o  impur i t ies  wi th in  t h e  in su la to r .  

w i l l  g ive rise t o  donor l i k e  or acceptor  l i k e  s t a t e s  depending on 

whether t h e  impurity i s  more l i k e l y  t o  g ive  up an e l ec t ron  or capture  an 

e l ec t ron .  Both e l ec t ron  t r a p  si tes and donor l i k e  impurity sites can be 

These 

occupied by e l ec t rons .  

s i tes a r e  charged negat ively when occupied by an e l ec t ron  while donor si tes 

a r e  n e u t r a l  when occupied by an e l ec t ron  and p o s i t i v e l y  charged when 

unoccupied by an e l ec t ron .  

The d i s t i n c t i o n  however is  t h a t  e l ec t ron  t r a p  

An a d d i t i o n a l  complication present  with i n s u l a t o r s  and not  normally 

encountered with semiconductors is t h e  fact  t h a t  ionized impuri ty  atoms 

i n  t h e  i n s u l a t o r  can move under t h e  inf luence of t h e  l a rge  electric f i e l d s  

which a r e  normally appl ied  t o  MIS devices.  

e s p i c a l l y  troublesome ions because of  t h e i r  l a r g e  mobil i ty .  

Sodium ions  are examples of 

The energy band diagram used f o r  a non-ideal i n s u l a t o r  i n  t h i s  work 

is  shown i n  Figure 3. The e l e c t r o n i c  l e v e l s  wi th in  the  forbidden band are 

shown i n  Figure 3 as d i s c r e t e  energy l e v e l s .  This is  f o r  convenience only, 

and i n  most i n s u l a t o r s  t h e  l e v e l s  are l i k e l y  spread i n t o  an energy range 

or even over t h e  e n t i r e  energy band. 

may a l s o  be s p a t i a l l y  dependent upon d is tance  wi th in  t h e  i n s u l a t i n g  l aye r .  

The d e n s i t i e s  of t r a p s  and impur i t ies  
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Cer ta in ly  i n  Si0 

i s  s t rong  experimental  evidence t o  indicaTe t h a t  t h e  t r a p  dens i ty  is  

g r e a t e s t  near  t h e  i n s u l a t o r  boundaries.  

t h e  ion  dens i ty  is s p a t i a l l y  dependent, and t h e r e  2 

This is  t o  be expected i f  t h e  

de fec t  dens i ty  i s  l a r g e s t  near  t h e  in t e r f aces .  

a l s o  probably t o  be expected with S i  N Also sketched i n  Figure 3 a r e  

i n t e r f a c e  s t a t e s  l oca t ed  a t  t h e  insulator-semiconductor i n t e r f a c e .  

S imi la r  effects q re  

3 4" 

I n  equi l ibr ium t h e  ne t  effect of t h e  above mentioned non-ideal 

i n s u l a t o r  p rope r t i e s  i s  t o  g ive  r ise t o  a non-zero n e t  charge within 

t h e  i n s u l a t o r ,  I n  p r i n c i p l e  t h i s  can be e i t h e r  p o s i t i v e  or negat ive,  

bu t  f o r  S i0  and S i  N 

P a r t  of t h i s  f o r  Si0 i s  known t o  be due t h e  presence of ions  such 

it i s  experimentally found t o  be pos i t i ve .  
2 3 4  

2 

as sodium. However even when sodium ions are reduced t o  a minimum 

t h e r e  s t i l l  remains a f a i r l y  immobile pos i t i ve  charge i n  S i0  near t he  
2 

s i l i c o n  i n t e r f a c e .  S i l i c o n  ions have been suggested as the  o r i g i n  of 

Insu la to r  Metal Semiconductor 

Elec t ron  Traps __ - ----- 
Donor Levels- - __ ------ 

Acceptor l e v e l s  - --w-- - - - 
Hole Traps --------- 

Valence Band 

Figure 3 .  Energy band diagram f o r  a non-ideal i n su la to r .  (Discrete  
l e v e l s  shown f o r  convenience only)  
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and o the r  i n s u l a t o r s  t h e  exact  o r i g i n  of t h e  t h i s  charge [ 2 0 ] .  

charge i s  more i n  ques t ion ,  bu t  experimentally,  p o s i t i v e  values of  n e t  

equi l ibr ium charge are found. 

can g ive  rise t o  a n e t  p o s i t i v e  charge as shown i n  Figure 4 ,  and if t h e  

donor l i k e  impur i t ies  are loca ted  near  t h e  metal- insulator  or semicon- 

duc tor - insu la tor  i n t e r f a c e s ,  e s s e n t i a l l y  a l l  of  them can become ionized. 

An MIS device with a non-ideal i n s u l a t o r  has i ts  electrical proper- 

For S i  N 3 4  

Donor l i k e  impur i t ies  wi th in  t h e  i n s u l a t o r  

t i es  modified i n  s e v e r a l  important ways from t h a t  of  t h e  i d e a l  device.  

There are s e v e r a l  ways i n  which t h e  C-V c h a r a c t e r i s t i c  f o r  example can be 

modified. 

i n s u l a t o r  which does not  change from i ts  equi l ibr ium value.  

Consider f irst  t h e  case of a f ixed  immobile charge wi th in  t h e  

This is 

known t o  give r i s e  t o  a p a r a l l e l  s h i f t  of t h e  i d e a l  capacitance curve,  as 

sketched i n  Figure 2 ,  along t h e  vol tage a x i s  C171. This i s  shown i n  

Figure 5. 

opposi te  d i r ec t ions .  

P o s i t i v e  and negat ive i n s u l a t o r  charges cause s h i f t s  i n  

Fermi l e v e l  

Figure 4. N e t  p o s i t i v e  i n s u l a t o r  charge due t o  donor l i k e  i n s u l a t o r  
Impur i t ies  
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'FB 'FB 

Figure 5 .  C-V ' c h a r a c t e r i s t i c  of an MIS devlce 
charge. (n-type semiconductor) 

The vol tage a t  which t h e  f la t -band  capacitance 

band vol tage V i s  s t i l l  an important parameter. FB ' 

with a f ixed  i n s u l a t o r  

occurs ,  or t h e  f lat-  

A t  t h i s  value of  appl ied 

vol tage  the  e l e c t r i c  f i e l d  a t  t h e  semiconductor-insulator i n t e r f a c e  i s  zero 

and t h e  f i e l d  Lines from t h e  metal  e l ec t rode  are j u s t  s u f f i c i e n t  t o  terminate  

on a l l  t h e  charges i n  the  i n s u l a t o r .  

t h e  charges i n  t h e  i n s u l a t o r  and su r face  states by t h e  expression E171 

The f la t -band vol tage is  r e l a t e d  t o  

where #I is t h e  metal-to-semiconductor work funct ion d i f f e rence ,  Q i s  

t h e  sur face  s ta te  charge loca ted  a t  t h e  semiconductor i n t e r f a c e ,  and 

p(x)  is t h e  charge dens i ty  wi th in  the  in su la to r .  

m s  ss 

The f la t -band vol tage 

then provides a measure of t h e  charges a s soc ia t ed  with t h e  non-ideal i n s u l a t o r .  

A l i m i t a t i o n  of  t h e  f la t -band  vol tage measurement is the  fact t h a t  it indi-  

cates only t h e  r i g h t  hand s i d e  of  Equation ( 4 )  and does not permit one t o  

sepa ra t e  out  bulk i n s u l a t o r  effects from su r face  state effects. 
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Bulk i n s u l a t o r  charge d e n s i t i e s  have been obtained i n  some cases by combin- 

ing  C-V measurements with successive e tch ings  of  t h e  oxide. I n  t h i s  way L ,  

t h e  i n s u l a t o r  th ickness ,  is changed, and by measuring V as a func t ion  of  

L,  p(x) can be determined. 

FB 

It is poss ib le  t o  def ine  t h e  f la t -band vol tage i n  terms of  a s i n g l e  

e f f e c t i v e  su r face  s ta te  charge Q i n  t h e  following manner: 
S 

- QS VFB - - - ( 5 )  

where 

Qs = Qs, + f p(x)dx - 4ms cI ( 6  1 
0 

This e f f e c t i v e  charge has t h e  s ign i f i cance  of  being t h e  charge which i f  

placed a t  t h e  insulator-semiconductor i n t e r f a c e  would cause t h e  same s h i f t  

i n  t h e  C-V c h a r a c t e r i s t i c  as t h a t  produced i n  a real  case by t h e  combined 

effects of work-function d i f f e rence ,  sur face  state charge, and bulk i n s u l a t o r  

charge 

Another complication arises with real i n s u l a t o r s  i n  t h e  fact t h a t  t h e  

su r face  s ta te  and even i n s u l a t o r  charge i s  r a r e l y  constant  bu t  changes with 

appl ied  b i a s .  This is  never an instantaneous process ,  s o  one a l s o  observes 

time dependent e f f e c t s ,  

genera l  depends on t h e  p a s t  b i a s  h i s t o r y  of t h e  s t r u c t u r e  as w e l l  as on 

t h e  rate a t  which t h e  C-V curve is observed. These b i a s  and t i m e  dependent 

effects on sur face  s t a t e  and i n s u l a t o r  charges make for an i n f i n i t e  v a r i e t y  

of observed C-V curves depending on how t h e  C-V curve i s  obtained. Some of  

t h e  poss ib l e  cases of b i a s  dependent su r face  state and i n s u l a t o r  charges and 

t h e  effects of  t hese  changing charge d e n s i t i e s  on C-V curves are discussed i n  

t h e  following paragraphs. 

The exact  shape and pos i t i on  of t h e  C-V curve i n  
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Consider first t h e  manner i n  which C-V curves such as shown i n  Figure 5 

These are normally obtained by slowly changing are experimentally obtained. 

t h e  b i a s  across  an MIS s t r u c t u r e  and 

of t h e  s t r u c t u r e ,  

frequency vol tage  across  t h e  device superimposed on the  slowly varying b i a s  

vol tage.  Typical  f requencies  f o r  t h e  small s i g n a l  vol tage are 100 kHz or 

1 M I X b .  By a slowly changing b i a s  vol tage then w e  mean a b i a s  vol tage which 

changes slowly enough t o  permit many cycles  of  t h e  ac vol tage while t h e  

capaci tance changes only a small percentage of i t s  t o t a l  change. A s  an 

example, suppose the  maximum-to-minimum capacitance change i n  Figure 5 

occurs with a b i a s  vol tage change of 1 v o l t .  

set  as t h e  minmum number of cycles  of ac s i g n a l  des i red  during t h i s  

i n t e r v a l  i n  order  t o  measure t h e  capacitance.  

measuring with a br idge t h e  capacitance 

The capaci tance measurement r equ i r e s  a small s i g n a l ,  high 

Fur ther ,  suppose t h a t  l o 2  is 

Then f o r  a 100  kHz ac 

s i g n a l ,  t h e  b i a s  sweep on t h e  device vol tage must be a t  a rate g r e a t e r  than 

For a t o t a l  vol tage change of  50 v o l t s ,  t h e  slowly changing sec /vo l t .  

b i a s  must then  take  50 m sec or longer t o  complete t h e  C-V curve. 

uses a 1 MHz ac s i g n a l  t he  minimum sweep t i m e  ( f o r  a 50 v o l t  sweep) can be 

5 m sec. These considerat ions y i e l d  maximum rates a t  which t h e  C-V curve 

can be observed f o r  a device,  On t h e  o the r  end of t h e  scale t h e  b i a s  

vol tage  may be changed as slowly as poss ib le ,  so  t h a t  one approach s teady 

state condi t ions a t  any given b i a s  vol tage .  

su r f ace  s ta te  and i n s u l a t o r  charges are b i a s  and t i m e  dependent, t h e  

observed C-V curve is g r e a t l y  inf luenced by t h e  rate a t  which t h e  b i a s  

vol tage is  changed. 

If one 

A s  previously noted, when the  

From Gauss' l a w  and t h e  d e f i n i t i o n  of capacitance4 it can be shown 

t h a t  t h e  MIS capaci tance f o r  t h e  non-ideal i n s u l a t o r  is  C211 
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( 7 )  

where Q 

l aye r ,  or i n  a deple t ion  and invers ion  l a y e r )  and JI 

i n  t he  semiconductor a t  t h e  insulator-semiconductor i n t e r f ace .  

is  t h e  charge loca ted  i n  the  semiconductor ( i n  an accumulation sc 

is t h e  p o t e n t i a l  
S 

By 

def in ing  the  following vol tages  

- Qsc 
vsc CI ' - -  

t h e  above equation can be w r i t t e n  as 

s c  dVS 

d% d% 

dV 
+ -  - 

S 
dV sc I dV c = c  

1 +  - + -  
d% d% 

The quant i ty  dV 

t i o n s  by applying Poisson 's  equation t o  t h e  semiconductor, s o  t h i s  can be 

considered as a known funct ion  of $ 

/d$s can be t h e o r e t i c a l l y  evaluated under c e r t a i n  assump- sc 

C211. 
S 

- 
The quant i ty  dVs/diS CI 'dQs/d$, represents  t he  cont r ibu t ion  

of t h e  su r face  state and i n s u l a t o r  charge t o  t h e  measured capaci tance,  

The change i n  $s under considerat ion i n  t h i s  equation is t h e  change due 

t o  t h e  s m a l l  ac There w i l l  

always be a c e r t a i n  delay between a changing su r face  p o t e n t i a l  and any 

vol tage  used i n  measuring t h e  capaci tance.  

response i n  t h e  su r face  state and i n s u l a t o r  charge. For su r face  states, 

t h e  response t i m e  is t h e  t rapping  t i m e  or r e l e a s e  t i m e  of t h e  loca l i zed  

states. If t h e  frequency of t h e  s m a l l  s i g n a l  ac vol tage is high enough, 

t he  su r face  state and i n s u l a t o r  charge w i l l  not  be able t o  change 
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s i g n i f i c a n t l y  during a ha l f  cyc le  of t h e  ac vol tage.  Under these  condi t ions 

dV /dJI 

reduces Equation ( 9 )  t o  t h e  form 
dV 

w i l l  be  very small and can be neglected i n  Equation (9 ) .  This 
s s  

sc - 
dJIS c = CI 

sc dV 
1+- 

d% 

The frequency a t  which t h e  t e r m  dV s s  /d$ becomes negl igable  can be determined 

experimentally by observing t h e  C-V curve f o r  var ious frequencies  and 

determining t h e  frequency above which t h e  curve remains constant .  

There i s  a l s o  a time response on dV /dJIs, i . e .  t h e r e  is a delay sc 

between a su r face  p o t e n t i a l  charge and the  response of t h e  charges i n  t h e  

semiconductor su r face  space charge l aye r .  For major i ty  carriers the  

response t i m e  constant  i s  t h e  d i e l e c t r i c  r e l axa t ion  t i m e  which is normally 

very s h o r t  compared with t h e  time of i n t e r e s t  i n  MIS devices .  Thus for 

a l l  p r a c t i c a l  purposes,  major i ty  carriers respond instantaneously t o  a 

change i n  su r face  p o t e n t i a l .  For minority c a r r i e r s ,  however, t h e  respoqse 

t i m e  constant  i s  t h a t  f o r  t h e  generat ion or  recombination of excess 

c a r r i e r s .  Normally f o r  f requencies  somewhere above 100Hz, t h e  minority 

c a r r i e r s  are not  ab le  t o  respond t o  t h e  r ap id  changes i n  p o t e n t i a l .  

In  t h e  accumulation and deple t ion  regions of an MIS capac i tor  t h e  

majori ty  carriers make the  major cont r ibu t ions  t o  t h e  capaci tance,  and 

one observes an i d e a l  capaci tance whicb is  independent of  frequency. 

When t h e  b i a s  vol tage  is such t h a t  an invers ion  l a y e r  is es t ab l i shed ,  

one has both majori ty  and minority carrier cont r ibu t ions  t o  t h e  capaci- 

tance,  This leads  t o  t h e  well-known d i f f e rence  between t h e  low frequency 

and high frequency t h e o r e t i c a l  MIS capacitance curves C171, E181 as 

showG,,j--n Figure 6a f o r  a very slow b i a s  sweep. 



C 15 

low frequency 

high frequency 

deple t ion  and accumulation region 
V 

( a )  Low and high frequency curves for slow b i a s  sweep rate. 

slow sweep 

C 

4 intermediate  case 

sweep, deple t ion  l a y e r  only 

--v 

(b) Effect of b i a s  sweep speed on i d e a l  high frequency curve 

Figure 6. I d e a l  C-V curve f o r  MIS devices 
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The b i a s  sweep rate a l s o  a f f e c t s  t h e  i d e a l  C-V curve as i l l u s t r a t e d  

i n  Figure 6b f o r  t h e  high frequency ac case. 

frequency ac s i g n a l ,  t h e  region of  t h e  C-V curve which is a f f e c t e d  by 

t h e  b i a s  sweep rate corresponds t o  t h e  invers ion  space charge l a y e r  

region i n  t h e  semiconductor. 

carriers are not  a b l e  t o  e q u i l i b r a t e  during t h e  sweep t i m e .  

t h e  invers ion  l a y e r  does not  have s u f f i c i e n t  t i m e  t o  form and only a 

wide non-equilibrium deple t ion  region e x i s t s ,  For t h i s  case ,  t h e  

negat ive b i a s  capaci tance is  considerably l e s s  than t h e  measured 

capaci tance when s u f f i c i e n t  t i m e  is  allowed f o r  t he  minority carriers t o  

e q u i l i b r a t e  and form t h e  invers ion  l aye r .  

r a t e s  can r e s u l t  i n  composite curves such as t h e  curve shown dashed i n  

Figure 6b. I n  t h e  experimental  work reported he re in ,  a l l  t h r e e  types of 

C-V curves shown i n  Figure 6b have been observed on d i f f e r e n t  

n i t r i d e  MIS devices.  

A s  with t h e  high and low 

For a fast b i a s  sweep rate, t h e  minority 

Consequently 

Intermediate  b i a s  sweep 

s i l i c o n  

The above discussion has i l l u s t r a t e d  t h e  e f f e c t s  which ac frequency 

and b i a s  sweep r a t e  can have on t h e  i d e a l  C-V curve for an MIS device,  

Fortunately f o r  e x t r a c t i n g  use fu l  da t a  from C-V measurements, t h e  i d e a l  

C-17 curve i n  the  deple t ion  and accumulation regions are not  e f f ec t ed  by 

t h e  s i g n a l  frequency or b i a s  sweep rate.  

mains a measure of t h e  su r face  s ta te  and i n s u l a t o r  charge independent 

of the  s i g n a l  frequency and b i a s  sweep rate,  

Thus t h e  f la t -band vol tage re- 

In  t h e  deple t ion  and 

accumula%ion regions of t h e  6-V curve the  capaci tance is  then a unique 

func t ion  of su r face  p o t e n t i a l ,  ;.e. 



s c  dV - 
= C($,). dJIS c = c* 

sc dV 
1 +  - 

d% 
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(11) 

This means t h a t  a t  t h e  i n s t a n t  one observes t h e  f la t -band capaci tance 

on any C-V curve,  t h e  corresponding value of f la t -band vol tage has 

This is  t r u e  regard less  of  whether Q 

The i d e a l  MIS capacitance has now been discussed i n  d e t a i l  as w e l l  

and p(x) are t i m e  dependent. 
ss 

as t h e  e f f e c t  of a f i x e d  sur face  state and oxide charge which r e s u l t s  i n  

a p a r a l l e l  s h i f t  of t h e  i d e a l  curve along t h e  vol tage  ax i s .  To complete 

t h e  d iscuss ion ,  t h e  effects of b i a s  dependent and consequently t i m e  

dependent su r face  s ta te  and oxide charges must be considered. I n  t h i s  

d i scuss ion  it w i l l  be assumed t h a t  a high frequency ac s i g n a l  is  used so 

t h a t  t h e  su r face  s t a t e  and i n s u l a t o r  charges cannot respond t o  t h e  ac 

vol tage ,  A s  d iscussed above, t h i s  makes the  capaci tance a unique func t ion  

of t h e  su r face  p o t e n t i a l  i n  t he  deple t ion  and accumulation regions.  

Consequently, any d i f f e rence  between t h e  i d e a l  MIS capaci tance and an a c t u a l  

measured C-V curve must a r i s e  from t h e  sur face  s ta te  and oxide charge 

which modifies t he  su r face  p o t e n t i a l  f o r  a given appl ied  b i a s  vol tage ,  

Using a high frequency ac vol tage ,  one s t i l l  has t h e  l i b e r t y  of 

using e i t h e r  a slow or fast  b i a s  sweep i n  observing t h e  C-V c h a r a c t e r i s t i c .  

Both techniques can be used t o  e x t r a c t  information concerning t h e  sur face  

state and i n s u l a t o r  charges.  A s  d iscussed e a r l i e r  any b i a s  dependent 

sur face  state and i n s u l a t o r  charges do not change instantaneously but  

r equ i r e  some t i m e  t o  e q u i l i b r a t e  a f t e r  a b i a s  vol tage change. 

sweep occurs a t  a fast enough rate,  t h e s e  charges w i l l  change very l i t t l e  

If t h e  b i a s  
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during t h e  per iod of t h e  high frequency ac vol tage.  

sweep rate, t h e  f la t -band vol tage w i l l  g ive a measure of  t h e  su r face  state 

and i n s u l a t o r  charge a t  t h e  s ta r t  of t h e  C-V t r a c e .  A t  any given i n s t a n t  of 

Then for a very fast 

t i m e  then,  one can i n v e s t i g a t e  the  su r face  s ta te  and i n s u l a t o r  charge by 

making a fast b i a s  sweep C-V measurement and not ing t h e  f l a t  band vol tage.  

On t h e  o the r  hand f o r  a very slow C-V b i a s  sweep t h e  charges i n  sur face  

states and i n  t h e  i n s u l a t o r  have t i m e  t o  reach equilibrium a t  any given 

b i a s  vol tage  and t h e  su r face  s ta te  and i n s u l a t o r  charge state changes as 

t h e  C-V curve is measured, For a fast  b i a s  sweep one observes a f i x e d  

charge and simply a p a r a l l e l  s h i f t  of t h e  i d e a l  C-V curve along t h e  vol tage  

axis.  

curve as w e l l  as a poss ib l e  displacement along t h e  vol tage  a x i s .  

b i a s  sweep condi t ion i s  t h e  case which has most f requent ly  been used i n  

s tudying MIS devices ,  e spec ia l ly  s i l i c o n  oxide devices .  I n  t h e  present  

work on s i l i c o n  n i t r i d e  devices fast b i a s  sweep C-V curves have been 

found t o  be more u s e f u l  i n  s tudying t h e  i n s t a b i l i t i e s  or t i m e  changing 

charges present  i n  these  devices.  

For a slow b i a s  sweep one observes a d i s t o r t i o n  i n  t h e  i d e a l  C-V 

The slow 

It is  apparent f r o m  t he  above d iscuss ion ,  t h a t  t h e  terms fast  b i a s  

sweep and slow b i a s  sweep are r e l a t i v e  terms depending on t h e  t i m e  constant  

assoc ia ted  with t h e  b i a s  dependent charge mechanism. 

a b i a s  sweep rate which is slow with r e spec t  t o  changes i n  su r face  state 

charges bu t  fast with r e spec t  t o  changes i n  t h e  i n s u l a t o r  charges.  This 

is t h e  case normally encountered with s i l i c o n  axide charges. 

one sees a d i s t o r t i o n  of  t h e  C-V curve due t o  su r face  states and a s h i f t  

along t h e  vol tage  a x i s  due t o  t h e  oxide charge, With s i l i c o n  n i t r i d e  as 

an i n s u l a t o r ,  t h e  bulk i n s u l a t o r  charge changes much faster than  f o r  s i l i c o n  

dioxide,  so a considerably faster b i a s  sweep is requi red  t o  have a fast 

b i a s  sweep with r e spec t  t o  bulk i n s u l a t o r  changes. 

In  fact one can have 

In  t h i s  case 
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There are s e v e r a l  d i f f e r e n t  types of i n s t q b i l i t i e s  or t i m e  dependent 

These are discussed and charge changes which can occur with MIS devices.  

compared i n  t h e  following paragrqphs. 

Consider first t h e  case of b i a s  dependent su r face  states with zero 

or constant  i n s u l a t o r  charge. 

can arise from e i t h e r  donor l i k e  or  acceptor  l i k e  statesat  t h e  sur face  

wi th in  t h e  forbidden band, 

Bias dependent su r face  state charge 

The energy bqnd diagrams f o r  donor l i k e  su r face  

states under l a r g e  p o s i t i v e  and negat ive b i a s  vol tages  are shown i n  

Figure 7,  

unoccupied and the  su r face  s t a t e s  are p o s i t i v e l y  charged, while f o r  a 

l a r g e  p o s i t i v e  vol tage  t h e  sites are occupied by e l ec t rons  and a r e  

e l e c t r i c a l l y  neu t r a l .  

For a l a r g e  negat ive vol tage ,  t he  donor l i k e  states are 

Consider a very slow b i a s  sweep, C-V curve f o r  such 

a s i t u a t i o n  s t a r t i n g  from a l a r g e  negat ive voltage., 

s t a r t  out  as an i d e a l  C-V curve displaced along t h e  vol tage a x i s  because 

of t h e  p o s i t i v e  charge of t h e  empty su r face  donor si tes.  

w i l l  remain u n f i l l e d  u n t i l  t h e  su r face  p o t e n t i a l  has changed t o  t h e  poin t  

where t h e  Fermi l e v e l  a t  t h e  su r face  i s  wi th in  a f e w  kT of t h e  assumed 

The C-V curve w i l l  

The su r face  states 

d i s c r e t e  l e v e l ,  

and they become e s s e n t i a l l y  a l l  f i l l e d  when t h e  su r face  Fermi l e v e l  

is a f e w  kT above t h e  sur face  state energy. 

states go from a large p o s i t i v e  charge state t 4  an e l e c t r i c a l l y  n e u t r a l  

state while t h e  su r face  p o t e n t i a l  changes by a f e w  kT. 

capaci tance i s  a unique func t ion  of  t h e  su r face  p o t e n t i a l  t h e r e  is l i t t l e  

change i n  t h e  measured capaci tance during t h e  t i m e  while t h e  sur face  

The su r face  states then begin t o  f i l l .  with e l ec t rons ,  

Thus t h e  donor l i k e  su r face  

Since t h e  

states are becoming f i l l e d .  

b i a s  vol tage is requi red  t o  go from t h e  charged t o  t h e  uncharged s ta te  

of  t h e  su r face  states. 

On t h e  o the r  hand a large change i n  appl ied 

The requi red  b i a s  vol tage  change is 
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( a )  Large negat ive b i a s  
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empty donor l i k e  
states, p o s i t i v e l y  

charged 

------ 

f i l l e d  donor l i k e  
states, n e u t r a l  

( b )  Large p o s i t i v e  b i a s  

Figure 7. Energy band diagrams f o r  MIS device with donor l i k e  sur face  states. 
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I 

The r e s u l t i n g  C-V curve is  shown i n  Figure 8a. 

a p l a t eau  i n  t h e  C-V curve during t h e  i n t e r v a l  over which t h e  surface 

states are becoming f i l l e d .  

One observes e s senk ia l ly  

Typical C-V curves f o r  t h e  same case with a fast b i a s  sweep a r e  shown i n  

Figure 8b. 

t h e  vol tage a x i s  with t h e  displacement or f la t -band vol tage depending on t h e  

h i s t o r y  of  t h e  device p r i o r  t o  making t h e  fas t  b i a s  sweep, 

shown following a long negat ive b i a s  when t h e  surface states are a l l  empty 

and following a long p o s i t i v e  b i a s  when t h e  su r face  state a r e  a l l  f i l l e d .  

The diiFference i n  f l a t  band vol tage between t h e  above two cases is  r e l a t e d  

t o  t h e  t o t a l  number of sur face  states as ind ica ted  i n  t h e  f i g u r e .  

I n  t h i s  case one observes an i d e a l  C-V curve displaced along 

Typical curves are 

l 

The case of a d i s c r e t e  sur face  s ta te  l e v e l  is probably the  s implest  

case of an MIS i n s t a b i l i t y  or time dependent e f f e c t .  

encounter a dominant s i n g l e  energy su r face  state,  but  r a t h e r  most devices 

have su r face  states which are d i s t r i b u t e d  i n  energy wi th in  t h e  forbidden 

band, 

su r f ace  states cause a gradual  change i n  the  C-V curve from t h e  i d e a l  C-V 

curve, because t h e  su r face  state charge is gradual ly  changing a t  a l l  b i a s  

vol tages .  

can be used t o  study t h e  charge s ta te  of  t h e  su r face  states at  any given 

Rarely does one 

Typical C-V curves f o r  t h i s  case are shown i n  Figure 9. Dis t r ibu ted  

Again i n  t h i s  case as shown i n  Figure 9b, a fast b i a s  sweep 

t i m e  . 
I n  add i t ion  t o  i n s t a b i l i t i e s  due t o  b i a s  dependent surface s ta te  

charge d e n s i t i e s ,  i n  real  i n s u l a t o r s  t h e r e  are b i a s  and t i m e  

bulk i n s u l a t o r  charge d e n s i t i e s .  To d iscuss  t h e s e  effects consider  

an MIS device with no su r face  states and only a bulk i n s u l a t o r  charge dens i ty .  

dependent 
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Figure 8. C-V curves for a d i s c r e t e  su r face  state wi th in  t h e  forbidden 
band 
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( a ) .  Very slow C-V b i a s  sweep 

following long 
negat ive b :as' 

- following long 
p o s i t i v e  b i a s  

(b) e F a s t  C-V b i a s  sweep 

Figure 9. C-V curves for  d i s t r i b u t e d  su r face  states 
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A s  previously discussed t h i s  charge can arise from ions wi th in  t h e  

i n s u l a t o r  or from e l ec t rons  and holes  ( e l e c t r o n i c  charges)  wi th in  t h e  

i n s u l a t o r ,  The effects of  each of t hese  on t h e  C-V curves w i l l  be 

considered separa te ly .  

The b i a s  dependent effects of  ions  on C-V curves is  w e l l  known 

from t h e  large amount of work done on Si0  

is t h e  dominant i n s t a b i l i t y  Ell. With a p o s i t i v e  ga t e  b i a s ,  p o s i t i v e  

ions wi th in  t h e  i n s u l a t o r  tend t o  d r i f t  toward t h e  insulator-semicon- 

duc tor  i n t e r f a c e ,  This causes an increase  i n  t h e  i n t e g r a l  

where t h e  i o n i c  i n s t a b i l i t y  
2 

'f; p(x)dx, (13) J-: 
and consequently t h e  f la t -band vol tage  as given by Equation (4 )  s h i f t s  

t o  l a r g e r  negat ive values  f o r  a ' p o s i t i v e  b i a s .  Imp l i c i t  i n  t h i s  statement 

i s  t h e  assumption t h a t  t h e  ions  remain i n  t h e  , i n s u l a t o r  and a r e  not ab le  

t o  c ros s  t h e  insulator-semiconductor boundary or t h e  metal- insulator  boun- 

dary.  Ion ic  i n s t a b i l i t i e s  are normally such slow processes  t h a t  one 

r a r e l y  observes a slow C-V b i a s  sweep curve,  bu$ r a t h e r  one normally 

observes a fast b i a s  sweep curvep 

displaced along t h e  vol tage  axis as shown i n  Figure 1 0 .  

are shown f o r  i on  d r i f t  r e l a t i v e  t o  an i n i t i a l  curve following a 

p o s i t i v e  b i a s  and fol lowing a negat ive b i a s .  

t h a t  f o r  t h e  i o n i c  i n s t a b i l i t y  a p o s i t i v e  b i a s  causes the  C-V curve 

t o  d r i f t  with t i m e  i n  t h e  negat ive vol tage d i r e c t i o n ,  while a negat ive 

This simply gives  t h e  i d e a l  C-V curve 

Typical curves 

I t  is important t o  note  

b i a s  causes a d r i f t  of t h e  C-V curve along t h e  yol tage a x i s  i n  t h e  

p o s i t i v e  vol tage  d i r ec t ion .  

of t h e  e l e c t r o n i c  type of i n s t a b i l i t y  t o  be discussed next ,  

This d i r e c t i o n  of d r i f t  is opposi te  t o  t h a t  
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i n i t i a l  curve 

following negat ive b i a s  

Figure 10, S h i f t s  i n  C-V curves f o r  i on  d r i f t  i n  i n s u l a t o r  with fast C-V 
bias sweep. 

Consider next t h e  case of e l e c t r o n i c  charges ( e i t h e r  e l ec t rons  or 

holes)  wi th in  the  i n s u l a t o r  and t h e  effect of  a negat ive b i a s  on t h i s  

e l e c t r o n i c  charge dens i ty .  

are ab le ,  as they are re leased  from t r a p s ,  t o  flow toward the  in su la to r -  

semiconductor i n t e r f a c e  and t o  flow out  of t h e  i n s u l a t o r  i n t o  t h e  

semiconductor. 

i n s u l a t o r  or i n  t u r n  increases  t h e  n e t  p o s i t i v e  charge wi th in  t h e  

i n s u l a t o r .  S imi la r ly  trapped holes  can flow out  of t h e  i n s u l a t o r  

across  t h e  metal- insulator  i n t e r f a c e .  Hole flow out  of t h e  i n s u l a t o r  

has t h e  opposi te  effect on t h e  n e t  charge wi th in  t h e  i n s u l a t o r  t o  

t h a t  of  e l e c t r o n  flow. 

Any e l ec t rons  t rapped wi th in  t h e  i n s u l a t o r  

This process decreases t h e  negat ive charge wi th in  t h e  

These processes  are sketched i n  Figure 11. 

I n  add i t ion  t o  e l e c t r o n i c  charge t r anspor t  out  of t h e  i n s u l a t o r ,  

t h e r e  is  a l s o  t h e  p o s s i b i l i t y  of charge i n j e c t i o n  i n t o  t h e  i n s u l a t o r  

and t h e  subsequent t rapping  of t h i s  charge wi th in  t h e  in su la to r .  

a negat ive b i a s  vol tage ,  holes  tend t o  be i n j e c t e d  from 

For 

t h e  semiconductor 
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i n t o  t h e  i n s u l a t o r  while e l ec t rons  tend  t o  be i n j e c t e d  from t h e  metal i n t o  

t h e  i n s u l a t o r .  

two p o s s i b i l i t i e s  for  t h e  i n j e c t i o n  mechanism. I t  may be thermionic emission 

over t h e  energy b a r r i e r  between t h e  metal or semiconductor and t h e  i n s u l a t o r ,  

i .e. ,  Schottky b a r r i e r  emission, or high f i e l d  tunnel ing  through t h e  energy 

b a r r i e r ,  i .e .  , Fowler-Nordhein emission. The process which dominates depends 

on t h e  b a r r i e r  he ight  and t h e  temperature.  

high temperatures,  Schottky emission tends t o  dominate, while f o r  l a r g e  

b a r r i e r  he ights  and low temperatures,  Fowler-Nordhein emission tends 

t o  dominate C221. 

These processes  are i l l u s t r a t e d  i n  Figure 1 2 .  There are 

For low b a r r i e r  he ights  and/or 

The combined effects of e l e c t r o n i c  charge i n j e c t i o n  and charge flow 

out  of t h e  i n s u l a t o r  can l ead  t o  some r a t h e r  complex poss ib l e  s h i f t s  i n  t h e  

C-V curves under an appl ied  b i a s .  If t h e  i n s u l a t o r  has a l a r g e  e l ec t ron  

hole  f l o w  out  
i n s u l a t o r  

M I S 

i n s u l a t o r  

Figure 11. Elec t ron ic  charge f l o w  out  of t h e  i n s u l a t o r  for  a negat ive 
b i a s  
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and 

M I 

t rapping  

S 

Figure 1 2 .  Charge i n j e c t i o n  i n t o  t h e  i n s u l a t o r  with subsequent 
t rapping  of charges,  f o r  negat ive bias. 

and hole  t r a p  dens i ty ,  then it i s  t o  be expected t h a t  most of t h e  charge 

changes occur near  t h e  boundaries of  t h e  i n s u l a t o r .  

negat ive b i a s  and i n  t h e  region near  t h e  semiconductor-insulator i n t e r f a c e ,  

e l ec t rons  can flow from t h e  i n s u l a t o r  i n t o  t h e  semiconductor and holes  

can be i n j e c t e d  i n t o  t h e  i n s u l a t o r  becoming t rapped near  t h e  i n t e r f a c e .  

Both of these  processes  l ead  t o  an inc rease  i n  t h e  p o s i t i v e  charge dens i ty  

i n  t h e  i n s u l a t o r  near  t h e  semiconductor. 

near t h e  metal i n t e r f a c e  can l ead  t o  an increase  i n  t h e  negat ive charge 

dens i ty  near  t h e  metal. 

t y p i c a l  of most p r a c t i c a l  i n s u l a t o r s  t h e  term 

For example, under a 

The opposi te  processes  occuring 

With a large i n s u l a t o r  t r a p  dens i ty  which is 

P ( X )  dx, 
0 

tends t o  become more p o s i t i v e  under a negat ive bias corresponding t o  

t h e  increased p o s i t i v e  charge near  t h e  semiconductor. Thus f o r  t h i s  
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i n i t i a l  curve 

following p o s i t i v e  

V 

Figure 13. S h i f t s  i n  C-V curves for  e l e c t r o n i c  i n j e c t i o n  i n t o  i n s u l a t o r  w i t h  
fast C-V b i a s  sweep. 

e l e c t r o n i c  type of i n s t a b i l i t y ,  t h e  f la t -band vol tage tends t o  s h i f t  t o  

l a r g e r  negat ive vol tages  under a negat ive bias ,  and t o  s h i f t  t o  l a r g e r  

p o s i t i v e  vol tages  under a p o s i t i v e  b i a s .  This i s  i l l u s t r a t e d  i n  Figure 1 3  

f o r  t h e  fas t  b i a s  sweep case.  

Comparing Figures 10 and 13 it is  seen t h a t  t h e  f la t  band vol tage 

s h i f t  f o r  t he  e l e c t r o n i c  type of i n s t a b i l i t y  i s  i n  t h e  opposi te  d i r e c t i o n  

t o  t h a t  of  t h e  i o n i c  type of i n s t a b i l i t y . .  This prov5des acmeans of ,, 

dfs t inguish ing  between these  two types of  i n s t a b i l i t i e s ,  For example, 

i f  t h e  f la t -band vol tage  becomes more negat ive f o r  a p o s i t i v e  b i a s  one 

has t h e  i o n i c  i n s t a b i l i t y ,  while a s h i f t  of t h e  f la t -band vol tage t o  more 

p o s i t i v e  values  ind ica t e s  an e l e c t r o n i c  type of  i n s t a b i l i t y .  

behavior i n  t h e  two cases arises f r o m  t h e  fact t h g t  i n  t h e  e l e c t r o n i c  case 

charges are free t o  c ross  t h e  i n s u l a t o r  boundary while t h e  ions are 

confined t o  t h e  i n s u l a t o r  and can only pile-up a t  t h e  boundaries of  t h e  

in su la to r .  

The d i f f e r e n t  
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A comparison of  Figures 9 and 1 3  show t h a t  t h e  charging and d i s -  

charging of  su r face  states causes t h e  same b i a s  dependent s h i f t s  i n  t h e  

fast b i a s  sweep C-V curve as t h a t  caused by t h e  bulk e l e c t r o n i c  type  of 

i n s t a b i l i t y .  

an observed i n s t a b i l i t y  of  t h i s  type a r i s e s  from surface states or from 

bulk e l e c t r o n i c  processes  within t h e  i n s u l a t o r ,  

probably no simple way of d i s t ingu i sh ing  between these  p o s s i b i l i t i e s .  

time dependence of t h e  effects can be a help i q  suggesting which type of 

i n s t a b i l i t y  is  being observed. With sur face  states one expects t o  reach 

equi l ibr ium i n  f a i r l y  s h o r t  t i m e s ,  c e r t a i n l y  wi th in  t i m e s  on t h e  order  

of  seconds. 

days t o  reach equi l ibr ium it is l i k e l y  a bulk e l e c t r o n i c  type of i n s t a b i l i t y .  

E c o u r s e  one can p o s t u l a t e  some type of sur fape  state c rea t ion  process 

which has as long a t i m e  cons tan t  as des i red .  

f e r t i l e  grounds for those  versed i n  complex model bu i ld ing .  Bulk e l e c t r o n i c  

effects appear t o  be more l i k e l y  explanat ions €or long t i m e  i n s t a b i l i t i e s  

then  such specula t ions-espec iaI ly  i f  t h e  observat ions can be explained on 

t h e  b a s i s  of w e l l  e s t ab l i shed  phys ica l  p r i n c i p l e s .  

Thus t h e r e  can be a quest ion i n  any given case as t o  whether 

I n a c u t a l  cases t h e r e  i s  

The 

Thus i f  one observes an i n s t a b i l i t y  of t h i s  type which takes 

Such specula t ion  provides 

The i n s t a b i l i t i e s  nomnaly observed with S i 0  i n s u l a t o r s  are of t h e  2 

i o n i c  type  with a r e l a t i v e l y  s m a l l  dens i ty  of  fas t  surface states. 

Recently on very pure,  i . e ,  free from ions,  oxides t h e r e  has been some 

evidence of t h e  e l e c t r o n i c  type of i n s t a b i l i t y  a t  e leva ted  temperatures C71. 

With S i  N i n s u l a t o r s ,  as s tudied  i n  t h i s  work, t h e  i n s t a b i l i t y  is  decidely 

of t h e  e l e c t r o n i c  type ,  and l a r g e  s h i f t s  i n  t h e  C-V curve can be observed a t  

room temperature i n  times of less than one second. 

work is  devoted t o  a model f o r  t h e  charge i n j e c t i o n ,  e l e c t r o n i c  i n s t a b i l i t y  

i n  i n s u l a t o r s  and experimental  d a t a  on t h i s  phenomena for  s i l i c o n  n i t r i d e  MIS 

devices 

3 4  

The remainder of t h i s  
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3 .  SCHOTTKY BARRIER INJECTION MODEL FOR ELECTRONIC 
TYPE OF INSTABILITY 

I n  t h e  previous chapter  a genera l  discussion is presented on t h e  

var ious types of  charge i n s t a b i l i t i e s  present  i n  MIS devices ,  and t h e  . 

effects of  t hese  charge i n s t a b i l i t i e s  on C-V measurements. 

and su r face  state types of i n s t a b i l f t y  have previously been inves t iga t ed  

i n  much d e t a i l  by many inves t iga to r s .  

out  of an experimental  study of charge i n s t a b i l i t i e s  i n  s i l i c o n  n i t r i d e  

i n s u l a t o r  l aye r s  on s i l i c o n  substrates, where t h e  e l e c t r o n i c  i n s t a b i l i t y  

dominates. 

i nves t iga t ion  of t h e  e l e c t r o n i c  type of i n s t a b i l i t y .  

cesses  occuring i n  t h e  i n s u l a t o r  involving t h e  flow of e l ec t rnns  or 

holes  across  t h e  insulator-semiconductor boundary. 

The i o n i c  

I n  add i t ion ,  t h i s  work grew 

Consequently t h i s  chapter  is  devoted t o  a more thorough 

These are bulk pro- 

A s  d iscussed i n  t h e  previous chapter ,  t h e  e l e c t r o n i c  type  of  

i n s t a b i l i t y  can arise from t h e  release of t rapped c a r r i e r s  wi th in  the  

i n s u l a t o r  and the  flow of these  carriers out  of t he  i n s u l a t o r  or from t h e  

i n j e c t i o n  of carriers i n t o  t h e  i n s u l a t o r  and t h e  subsequent t rapping  of t h e  

c a r r i e r s  wi th in  t h e  i n s u l a t o r ,  

t h e  i n j e c t i o n  and t rapping  of carriers. A previous r epor t  has discussed 

i n  some d e t a i l  t h e  r e l e a s e  of carriers from t r a p s  and t h e  flow out  of t h e  

i n s u l a t o r  Cl21, Ca r r i e r s  must be trapped f a i r l y  deeply i n  t h e  i n s u l a t o r  

i n  order  t o  neglec t  any release of t hese  from t r a p s .  For carriers which 

are t rapped a t  energ ies  deeper than  1 . 0  ev, one can estimate t h e  r e l e a s e  

t i m e  as 1 0  

This t i m e  of 10 

i n  t h i s  work. 

carriers are t rapped a t  energ ies  deeper than 1 . 0  ev  from t h e  conduction bands. 

The present  work is  concerned only with 

4 11 sec or longer  using an attempt t o  escape frequency of 1 0  /sec. 

sec represents  about t h e  longest  t i m e  i n t e r v a l s  considered 4 

Thus t o  neglec t  carrier r e l e a s e  w e  must assume t h a t  t h e  
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The energy band diagram between a metal and a wide band-gap semi- 

conductor or i n s u l a t o r  is  shown i n  Figure 14. 

e l ec t ron  or hole  i n  t h e  

b a r r i e r  in-  t h e  f igu re .  

b a r r i e r  +o t o  go from t h e  metal i n t o  t h e  in su la to r .  

as shown i n  Figure 14(b)  t h e  b a r r i e r  between t h e  metal and i n s u l a t o r  is  

lowered by an amount A+ because of t h e  image fo rce .  

Schottky b a r r i e r  lowering effect ,  and it i s  known t h a t  C241 

The image force f o r  an 

i n s u l a t o r  and semiconductor bs shown by t h e  dot ted  

I n  equi l ibr ium an e l ec t ron  must overcome an energy 

With an appl ied  f i e l d  

This is t h e  familiar 

AI$ - l J q - -  9 (15) - 2 
K E  

where E 

from t h e  metal c ross ing  t h e  b a r r i e r  c o n s t i t u t e  a cur ren t  which has been 

shown t o  be of t h e  form 

is t h e  electric f i e l d  i n  t h e  region near  t h e  i n t e r f a c e .  Electrons 
S 

where 

J = ~ e x p ( ~ T ) ~  
S 

2 2  
exp ( -qVo/kT 1 4~qmk T 

h3 
A =  

(16) 

and V i s  t h e  i n i t i a l  b a r r i e r  p o t e n t i a l  (qV = "po). The cur ren t  dens i ty  

increases  as t h e  electric f i e l d  i s  increased because of t h e  increased 

b a r r i e r  lowering with increased f i e l d .  

0 0 

The Schottky cu r ren t  is  a flow of thermal carriers over a p o t e n t i a l  

b a r r i e r  as shown i n  Figure 14. 

arise from carriers which tunnel  through t h e  barrier. 

c a l l e d  Fowler-Nordheim cu r ren t  which is of  t h e  form C24l 

An add i t iona l  component of cu r ren t  can 

This is t h e  so- 
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( a )  Zero appl ied  f i e l d  

(b )  Large appl ied  electric f i e l d  

Figure 14, Energy band diagram between a metal and an i n s u l a t o r  



I 2 = DE exp (-WEs) , 
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(19 1 

where Y 

D =  A 2rh(Vo+VF) /T 
and V 

The Fowler-Nordheim cur ren t  also increases  with increas ing  f i e l d  because of  

= q@ F F is t h e  p o t e n t i a l  corresponding t o  t h e  Fermi energy i n  t h e  metal, 

t h e  increased tunnel ing p robab i l i t y  through t h e  reduced b a r r i e r  width. 

In  any p r a c t i c a l  case both Schottky cur ren t  and Fowler-Nordheim cur ren t  

w i l l  be present ,  

cur ren t  on t h e  b a r r i e r  height  V 

b a r r i e r  he ights .  For low b a r r i e r  he ights  and/or high temperatures,  Schottky 

cur ren t  i s  known t o  dominate. 

t h e  Schottky cu r ren t  as t h i s  appears t o  be the\dominant cur ren t  f o r  s i l i c o n  

n i t r i d e  f i l m s  

Because of  t h e  exponent ia l  dependence of  t h e  Schottky 

it becomes extremely small f o r  l a r g e  
o 3  

The present  work considers  i n  d e t a i l  only 

The above discussion and f i g u r e s  have considered a metal- insulator  

b a r r i e r .  

i n s u l a t o r  and t h e  semiconductor. 

only those  carriers far above t h e  Fermi l e v e l ,  it makes l i t t l e  d i f fe rence  

whether one is cnnsider ing i n j e c t i o n  from a semiconductor or from a 

metal as long as one remembers t h a t  t h e  b a r r i e r  of importance is t h a t  

between t h e  conduction band of t h e  i n s u l a t o r  and t h e  Fermi l e v e l  a t  t h e  

su r face  of  t h e  semiconductor. However, t he  Fe rmi  l e v e l  at  the  su r face  

of t h e  semiconductor is  a func t ion  of t h e  electric f i e l d  a t  t h e  sur face .  

Thus one has an a d d i t i o n a l  means by which t h e  Schottky b a r r i e r  can change 

i n  add i t ion  t o  t h e  normal image f o r c e  effect. 

a t  t h e  su r face  of t h e  semiconductor is l imi t ed  t o  roughly t h e  width of 

I n  MIS devices t h e  b a r r i e r  of  major i n t e r e s t  i s  t h a t  between t h e  

Since the  Schottky cur ren t  involves 

The Fermi l e v e l  v a r i a t i o n  
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t h e  semiconductor band gap. 

is above but  c lose  t o  t h e  conduction band edge, while i n  s t rong  invers ion  

t h e  su r face  Fermi l e v e l  i s  below but  c lose  t o  t h e  valence band edge. 

is i l l u s t r a t e d  i n  Figure 15  f o r  an n-type semiconductor. 

l a t i o n ,  t h e  i n j e c t i o n  b a r r i e r  is 4 , f o r  e l ec t rons ,  and f o r  s t rong  inversion 

one has an i n j e c t i o n  b a r r i e r  @I f o r  holes .  

I n  s t rong  accumulation t h e  surface Fermi l e v e l  

This 

For s t rong  accumu- 

n 

If one can determine t h e  e l ec t ron  
P 

i n j e c t i o n  b a r r i e r  9 (and 

i n j e c t i o n  b a r r i e r  41 (and 

obta in  t h e  i n s u l a t o r  band 

n 

P 

4no) under s t rong  accumulation, and t h e  hole  

under s t rong  invers ion  it is poss ib le  t o  @PO)  

gap Egi from t h e  approximate expressions 

E =  + E  g i  'no + 'Po g s ,  

where E is t h e  semiconductor band gap. 

assumed t h a t  t h e  b i a s  vol tages  on an MIS 
gs 

( 2 2 )  

In  t h i s  work it w i l l  be 

s t r u c t u r e  are always such as 

t o  have e i t h e r  t h e  s t rong  accumulation condi t ion or t h e  s t rong  invers ion  

condi t ion,  Thus t h e  e l e c t r o n  b a r r i e r  (p i s  taken as t h e  d i f f e rence  between 

t h e  conduction band energ ies  i n  t h e  i n s u l a t o r  and semiconductor, and t h e  hole  

b a r r i e r  4 

i n  t h e  i n s u l a t o r  and t h e  semiconductor. 

l e v e l  above t h e  conduction band o r  below the  valence band i s  neglected 

i n  t h i s  work. 

no 

is taken as t h e  d i f fe rence  between t h e  valence band energ ies  
PO 

Any small pene t ra t ion  of t h e  Fermi 

A vo l tage  appl ied  across  an MIS device e s t a b l i s h e s  an e l e c t r i c  f i e l d  

a t  t h e  insulator-semiconductor i n t e r f a c e ,  and t h i s  i n  t u r n  g ives  r ise  t o  

a Schottky b a r r i e r  i n j e c t e d  cur ren t  qs given by Equation 16.  

t h e  case of a l a rge  p o s i t i v e  b i a s  as shown i n  Figure 15 (a ) .  The e l ec t rons  

i n j e c t e d  over t h e  Schottky b a r r i e r  i n t o  t h e  i n s u l a t o r  c o n s t i t u t e  an excess 

of  carriers above t h e  equi l ibr ium value.  

Consider 

These carriers may e i t h e r  continue 



( a )  Strong accumulation ( p o s i t i v e  metal b i a s )  
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( b )  Strong h v e r s i o n  (nega t ive  metal  b i a s )  

Figure 15. Energy b a r r i e r s  fccr s t rong  accumulation and s t rong  inversion.  
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i n  t h e  conduction band and flow out of t h e  i n s u l a t o r  a t  t h e  m e  

or tyey may become trapped i n  t h e  in su la to r .  

been i l l u s t r a t e d  i n  Figure 1 2 .  

continues through t h e  sample depends on t h e  r a t i o  of 

t i m e  T 

Th 

Whether a carrier become 

The t r a n s i t  t i m e  is given by t h e  expression 
t P  

t o  t rapping t i m e  T tr 

wI T 2 -  

tr (23) 

where 

parameters ( W  = 10  

This probably represents  a lower l i m i t  on t h e  t r a n s i t  t i m e  because t h e  

mobil i ty  may be considerably less than  l O c m  /v , sec .  

is less than t h e  t r a n s i t  t i m e ,  most of t h e , c a r r i e r s  become trapped i n  

t h e  i n s u l a t o r ,  On the  o the r  hand i f  t h e  t r a n s i t  time is less than t h e  

is  t h e  average electric f i e l d  i n  t h e  in su la to r .  For t y p i c a l  

-5 2 6 -13 c m ,  1-1 = l O c m  /v .sec. ,  E = 1 0  v/cm) T~~ = 10 sec. I 

2 If t h e  t rapping t i m e  

t rapping time only t h e  f r a c t i o n  T 

i n  t h e  i n s u l a t o r ,  

/T tr t p  of t h e  carriers become trapped 

Regardless of t h e  r a t i o  of t rans i t - to - t rapping  time at  least some 

of t h e  carriers become trapped i n  t h e  in su la to r ,  and t h i s  Schottky b a r r i e r  

i n j e c t i o n  mechanism represents  an i n s t a b i l i t y  because of t h e  b i a s  and 

t i m e  dependent trapped charge wi th in  t h e  in su la to r ,  

type of e l e c t r o n i c  i n s t a b i l i t y  which t h i s  i n j e c t i o n  gives  r ise t o ,  

consider t h e  case of  an MIS device which i n i t i a l l y  has no charge within 

To i l l u s t r a t e  t h e  

and which a t  

appl ied t o  t h e  metal elect 

ject t o  a l a r g e  p o s i t  

Neglecting t h e  small potent  

t h e  i n i t i a l  electric f i e l d  wi th in  

(24) 
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This g ives  rise t o  an i n i t i a l  Schottky b a r r i e r  e l ec t ron  cu r ren t  dens i ty  of  

Jns ( t=o)  = A exp ( B  JF (25 )  

P a r t  of  t hese  carriers become trapped wi th in  t h e  i n s u l a t o r  on t r a p  si tes.  

A s  soon as charge begins t o  bu i ld  up wi th in  t h e  i n s u l a t o r ,  some of t h e  f i e l d  

l i n e s  from t h e  metal e lec t rode  terminate  on t h e s e  and t h e  f i e l d  a t  t h e  

i n t e r f a c e  begins t o  decrease,  ;,e. 

With t h e  f i e l d  a t  t h e  interface becoiping reduced, t h e  i n j e c t e d  Schottky 

cu r ren t  as given by Equation 1 6  decreases ,  and t h e  process continues but  a t  

a slower rate. 

e l ec t rons  wi th in  t h e  i n s u l a t o r  with a continuous reduct ion i n  t h e  Schottky 

b a r r i e r  cu r ren t  c ross ing  t h e  b a r r i e r .  

devoted t o  developing a model f o r  t h e  t i m e  dependence of  t h i s  Schottky 

b a r r i e r  i n j e c t i o n  i n s t a b i l i t y  following t h e  app l i ca t ion  of a vol tage pulse  

t o  an MIS device.  

Thus t h e  process g ives  a continuous build-up of  trapped 

The remainder of  t h i s  chapter  is 

A t  any i n s t a n t  of t i m e  t he  cur ren t  dens i ty  crossing t h e  Schottky 

b a r r i e r  cur ren t  i s  given by t h e  equation 

Jns ( t )  = A exp CB -1 S , 

where E ( t )  is  t h e  t i m e  dependent f i e l d  a t  t h e  b a r r i e r  interface. The 

electric f i e l d  i s  r e l a t e d  t o  the  appl ied  vol tage and t h e  charge wi th in  

t h e  i n s u l a t o r  by t h e  expression 

S 

( 2 7 )  

x p ( x , t >  dx, E ( t )  = - i- 
S L 

( 2 8 )  
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where p ( x , t )  i s  t h e  trapped charge dens i ty  as a func t ion  of  p o s i t i o n  and 

t i m e .  

of t rapped charge i s  known. 

The i n t e g r a l  can only be evaluated exac t ly  i f  t h e  s p a t i a l  dependence 

However, two i n t e r e s t i n g  l i m i t i n g  cases can 

be considered. 

Consider first t h e  

with t h e  t r a n s i t  t i m e ,  

near  t h e  i n t e r f a c e  i.e. 

Es ( t )  

where o ( t )  i s  t h e  t o t a l  

case where t h e  t rapping  t i m e  is very s h o r t  compared 

I n  t h i s  case a l l  t h e  i n j e c t e d  charge is trapped 

near  X = L and t h e  above equation becomes 

o ( t )  , t -  - V 

charge p e r  u n i t  area wi th in  t h e  i n s u l a t o r .  

- -  
L E 

(29 )  

The o the r  case which can be e a s i l y  solved i s  t h a t  i n  which t h e  charge 

is  trapped uniformly wi th in  t h e  i n s u l a t o r .  This would be t h e  case when 

t h e  t r a n s i t  t i m e  

which shows t h a t  

sur face  electric 

is  very s h o r t  compared with t h e  t rapping t ime. I n  t h i s  case 

1 o ( t )  t - - ,  V E ( t )  - 
S L 2 E  ( 3 0 )  

t h e  t o t a l  charge is  only h a l f  as e f f e c t i v e  i n  reducing the  

f i e l d .  Any a c t u a l  case w i l l  be somewhere between these  

extreme cases and w e  can w r i t e  

V o ( t >  E ( t ) = -  I - 6  - 
S L E ¶ 

as long as t h e  t rapped charge d i s t r i b u t i o n  monotonically decreases from 

t h e  semiconductor toward t h e  metal  boundary, 6 w i l l  be  i n  t h e  range from 

0.5 t o  1.0 e 

The two extreme cases considered above correspond t o  very small and 

By consider ing these  very l a r g e  r a t i o s  of  t h e  t rapping- to- t rans i t  t i m e .  

two l i m i t i n g  cases, it i s  poss ib l e  t o  obta in  an ind ica t ion  of t h e  t i m e  

behavior of  Schottky b a r r i e r  i n j e c t i o n  under a l l  condi t ions.  Consider 

first t h e  s h o r t  t rapping- to- t rans i t  t i m e  case. All of  t h e  Schottky 
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cu r ren t  goes i n t o  t r a p s ,  so  w e  can write 

d o ( t )  = - J s ( t )  

. (32) d t  

= - A exp ( B  e 

The negat ive s ign  arises because of t h e  negat ive e l e c t r o n  charge. 

is  combined with Equation (291, a s i n g l e  d i f f e r e n t i a l  equation f o r  a ( t )  i s  

obtained, which is 

When t h i s  

It should be r e c a l l e d  t h a t  IS i s  a charge dens i ty  per  u n i t  area of  e l ec t rons  

and i s  negat ive.  The quant i ty  1 + - La thus  decreases  as t i m e  proceeds and 
VP 

as t h e  carriers become trapped. 

Before consider ing t h e  exact  s o l u t i o n  t o  Equation (331, it is use fu l  

t o  consider  an approximate so lu t ion  for small d e n s i t i e s  of  t rapped charge. 

If a t  t = o w e  have t h e  case o 0, then  for some f i n i t e  t i m e  i n t e r v a l  

w e  w i l l  have Lo/VE <c 1. During t h i s  t i m e  iniberval w e  have 

The s o l u t i o n  of  t h i s  i s  

where 

This p r e d i c t s  e s s e n t i a l l y  two regions of  d i f f e r e n t  t i m e  dependence, which 

are : 

o a t f o r  t e< T~ 

IS I n  t f o r  t >> T~ . (37) 
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For l a r g e  values  of t i m e ,  or correspondingly f o r  l a rge  values  of i n j ec t ed  

charge densi ty  o 9  t h e  expansion leading from Equation (33) t o  Equation (34) 

is no longer v a l i d ,  and t h e  simple so lu t ion  is not  va l id .  

An exact  so lu t ion  of Equation (33) r e s u l t s  i n  t h e  t ranscendental  

equation 

’+’  e x p ( z o - z ) =  l + t / T o  zo + 1 

where 

(38 1 

Z o = B  E -  (40) 

The parameter Z 

t = 0 divided by kT, while Z i s  t h e  Schottky b a r r i e r  lowering a t  any 

la ter  t i m e  t divided by t h e  same f a c t o r  kT, i .e .  Z = A$/kT. With an 

i n i t i a l  f i e l d  of 1 0  v/cm and a d i e l e c t r i c  constant  of 4 ( S i  N t h e  

i n i t i a l  b a r r i e r  lowering i s  approximately 0.19 ev,  so Z Values 

of Z 

i s  simply t h e  i n i t i a l  Schottky b a r r i e r  lowering at  
0 

6 
3 4  

= 7.3. 
0 

i n  t h e  range of 10 or  s l i g h t l y  l a r g e r  can be achieved with reason- 
0 

ab le  vol tage i n  MIS devices .  It should a l s o  be noted t h a t  t h e  d i e l e c t r i c  

constant  involved i n  t h e  equations is t h a t  of t h e  i n s u l a t o r  very near 

t h e  in su la to r - s i l i con  i n t e r f a c e  and t h i s  may be d i f f e r e n t  from t h e  bulk 

d i e l e c t r i c  constant .  

The genera l  so lu t ion  of Equation (38) reduces t o  t h a t  of Equation (34) 

f o r  Z >>1 and f o r  Zo-Z<<Zoo 

AZ = Z -Z as a func t ion  of t i m e  is  shown i n  Figure 16  f o r  varying amounts 

of i n i t i a l  b a r r i e r  lowering. The l imi t ing  curve Z -f is t h e  same as t h a t  

correspnnding t o  Equation 340  

The change i n  normalized b a r r i e r  lowering 
0 

0 

0 

The curves are shown terminating a t  t h e  poin t  
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AZ = Z 

po in t  enough charge has been i n j e c t e d  i n t o  t h e  in su la to r  and trapped i n  

t h e  i n s u l a t o r  t o  reduce t h e  f i e l d  t o  zero a t  t h e  i n t e r f a c e ,  This is t h e  

l i m i t i n g  amount of charge which can be in j ec t ed  i n t o  t h e  in su la to r .  

f a i r l y  good approximation t o  t h e  curves i n  F’igure 16  i s  given by t h e  

s ince  a t  t h i s  po in t  t h e  b a r r i e r  lowering equals zero.  A t  t h i s  
0 

A 

equation 

AZ = 

I n  t h e  l i m i t  of l a r g e  

by t h i s  approximation 

zo + 2 
I n  (1 + t / ro ) .  (41)  

0 
( z  
Z t h i s  becomes t h e  exact so lu t ion .  Points  given 

are a l s o  shown i n  t h e  f i g u r e  f o r  Z 

0 

= 10. 
0 

The t i m e  dependence of i n j ec t ed  and trapped cjharge i n  t h e  in su la to r  

is shown i n  Figure 17 .  The p a r t i c u l a r  normalization constant  f o r  t h e  

charge, i .e ,  t h e  combination LoZO/cV , has been chosen so t h a t  t h e  

s o l u t i o n  f o r  t h e  e n t i r e  range of Z 

on a s i n g l e  graph. For l a rge  values of Z it is se t h a t  t h e  in j ec t ed  

values can be conveniently shown 
0 

0 

charge dens i ty  o v a r i e s  approximately l i n e a r l y  with (h(.t) over a l a rge  

range of t i m e .  The i n t e r e s t i n g  i n j e c t i o n  phenomena i s  seen t o  cover a 

l a r g e  range of t i m e s .  

i n j e c t i o n  effects occur over more than f i v e  orders  of magnitude i n  t i m e .  

For example with Z 20 s i g n i f i c a n t  charge 
0 

This dependence of i n j ec t ed  charge on l n ( t )  p resents  some d i f f i c u l t i e s  

i n  experimentally observing Schottky b a r r i e r  i n j ec t ion .  

T 

i n j ec t ed  charge between 1 0  sec and 10 sec as is observed between 10 sec 

3 4 qnd 1 0  sec and subsequently is  observed between l o 3  sec and 10 

Thus t o  observe t h e  t o t a l  effect one must be ab le  t o  observe s h o r t  t i m e  

changes i n  i n j e c t e d  charge as w e l l  as wait very long times t o  reach a 

s teady s ta te  condition. 

For example i f  

is l a rge ,  one observes e s s e n t i a l l y  t h e  same amount of  = 1 sec and Z 
0 0 

2 2 

sec. 
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The above d iscuss ion  has been f o r  t h e  case where t h e  t rapping  t i m e  is 

s h o r t  compared with t h e  t r a n s i t  t i m e ,  and t h e  charge is trapped very c l o s e  

t o  t h e  semiconductor i n t e r f ace .  Now consider t h e  opposi te  case where t h e  

t r a n s i t  t i m e  is very s h o r t  compared with t h e  t rapping  t i m e ,  and t rapping  

occurs uniformly throughout t h e  i n s u l a t o r .  Only t h e  f r a c t i o n  T /T of 

i n j e c t e d  charges become trapped wi th in  t h e  i n s u l a t o r  so 

tr t p  

Combining t h i s  with Equations (27)  and (30) g ives  

Comparing t h i s  equat ion with Equation (33) f o r  t h e  fast t rapping  case, 

it is  seen t h a t  t h e  only d i f f e rence  is  t h a t  A is replaced by A T trr’ t p  

and a is replaced by 0/2, 

is some dependence of t h e  f a c t o r  ‘c 

Since t h e  t r a n s i t  t i m e  i s  f i e l d  dependent, t h e r e  

/T tr t p  on t h e  trapped charge 0 .  

However i f  one keeps a constant  b i a s  vol tage on an MIS device,  t h e  average 

electric f i e l d  wi th in  t h e  i n s u l a t o r  must remain constant .  

t h e  average e l e c t r o n  ve loc i ty  is independent of a .  

change i n  T / T  

For  t h i s  reason t h i s  r a t i o  is  taken as a constant  i n  our present  simple 

model. 

Consequently 

This means t h a t  t h e  

with 0 is  smaller than might a t  first be expected. tr t p  

Then t h e  s o l u t i o n  t o  Equation (43) is 

+ 

zo + 1 exp (z0 - Z >  = 1 + t / ro  

where 

2V€ ’ Z = B  

(44) 

(45)  
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A comparison of t h i s  s o l u t i o n  with Equations(36) and (39) i l lustrates  

t h e  similarities between t h e  t w o  cases. They both pave t h e  same t i m e  

dependence, 

between t h e  equations and a d i f f e r e n t  d e f i n i t i o n  of T 

so lu t ions  shown i n  Figures 16 and 1 7  then  a l s o  apply t o  t h e  case of s h o r t  

The only d i f f e rence  which appears is  a f a c t o r  of  2 i n  CT 
-1 . The previous 
0 

t rans i t - to - t rapping  t i m e  i f  one simply uses  t h e  T 

and rep laces  CT by 0/2. 

defined i n  qquation (45)  
0 

Since both extreme cases have t h e  same t i m e  dependence, it is 

r e l a t i v e l y  easy t o  cons t ruc t  a s i n g l e  so lu t ion  which reduces t o  t h e  two 

l i m i t i n g  cases, Such a s o l u t i o n  is given by Equation (44) w i t h  

and 

This so lu t ion  is expected t o  be a good approximation t o  t h e  t r u e  s o l u t i o n  

for a l l  value's of T /T T o  use Figure 1 7  f o r  t h i s  genera l  case 
tr t p  

simply r equ i r e s  rep lac ing  (5 by C ( T ~ ~  + T 
i n  t h e  f igu re .  

between 1 qnd 2, 

) / ( T ~ ~  + ZT 
t P  t P  

This is  not  a l a r g e  cor rec t ion  f a c t o r  s ince  it only va r i e s  

) I  CT as indica ted  

The b igges t  change comes i n  t h e  def in ing  equat ion for 

T which is considerably increased f o r  s m a l l  values of T /T . It is 

i n t e r e s t i n g  t h a t  e s s e n t i a l l y  t h e  same f o k  of time dependence of i n j e c t e d  

0 tr t p  

charge is observed for  both t h e  case where a l l  t h e  charge i s  trapped wi th in  

t h e  i n s u l a t o r  and t h e  case where most of t h e  i n j e c t e d  charge flows through 

t h e  i n s u l a t o r  and only a s m a l l  f r a c t i o n  is t rapped wi th in  t h e  in su la to r .  

The important d i f f e rence  is i n  t h e  t i m e  scale where much longer  observat ion 

t imes are requi red  f o r  t h e  same 

only a s m a l l  f r a c t i o n  of  t h e  charge is trapped wi th in  t h e  i n s u l a t o r .  

change i n  trapped i n s u l a t o r  charge when 
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The Schottky b a r r i e r  i n j e c t e d  charge w i l l  be experimentally observable 

as a s h i f t  i n  f la t -band vol tage with t i m e .  

t h i s  s h i f t  w i l l  continue u n t i l  t h e  f la t -band vol tage has s h i f t e d  by an amount 

equal  

vol tage divided by t h e  appl ied  vol tage is  shown i n  Figure 18 

values of  Z The f la t -band vol tage  s h i f t  observed by a fast C-V b i a s  

sweep then  provides a means of s tudying Schottky b a r r i e r  i n j e c t i o n  and 

t rapping  phenomena, 

Under t h e  present  proposed model 

t o  t h e  appl ied  b i a s  vol tage .  The t h e o r e t i c a l  s h i f t  i n  f la t -band 

f o r  var ious 

0 

I n  t h i s  case it is  apDarent t h a t  i f  t h e  C-V b i a s  

sweep occurs i n  a t i m e  

very l i t t l e  i n j e c t e d  charge occuring during t h e  b i a s  sweep. 

which is  s h o r t  compared with a t h e r e  w i l l  be 
0, 

There are s e v e r a l  l i m i t a t i o n s  on the  above model which should be 

recognized i n  applying t h e  r e s u l t s  t o  p r a c t i c a l  cases of Schottky b a r r i e r  

i n j e c t i o n ,  

wi th in  t h e  i n s u l a t o r .  

i n i t i a l  electric f i e l d  a t  t h e  i n t e r f a c e  w i l l  not  be zero as assumed i n  t h e  

F i r s t  t h e  model has neglected any i n i t i a l  equi l ibr ium charge 

This w i l l  modify t h e  model s l i g h t l y  because t h e  

normal Schottky model. 

somewhat, it is not  l i k e l y  t o  modify t h e  major f e a t u r e s  of  t h e  model, 

expec ia l ly  i f  t h e  i n i t i a l  equi l ibr ium f la t -band vol tage is  s m a l l  (on t h e  

order  of one or two v o l t s ) .  

While t h i s  may modify t h e  d e t a i l s  of t h e  model 

An a d d i t i o n a l  l i m i t a t i o n  on t h e  model is  t h e  assumption t h a t  trapped 

carriers wi th in  t h e  i n s u l a t o r  remain t rapped f o r  an i n f i n i t e  t i m e .  

is obviously u n r e a l i s t i c  f o r  very long t i m e s  even i f  t h e  carriers are 

deeply trapped. This causes t h e  i n j e c t e d  charge i n  t h e  proposed model t o  

become l a r g e  enough t o  reduce t h e  f i e l d  t o  zero a t  t h e  i n t e r f a c e  at  l a r g e  

values  of t i m e .  

t rapped carriers w i l l  become re l eased  from t h e  t r a p s  with t h e  release t i m e  

determining when t h i s  occurs.  

carriers from t r a p s ,  t h e  presence of s i g n i f i c a n t  numbers of re leased  

This 

I n  t h e  a c t u a l  case, for  long values  of  time some of t h e  

For t i m e s  longer  than t h e  release t i m e  f o r  
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carriers w i l l  a f f e c t  t h e  charge build-up process .  

carriers w i l l  eventua l ly  flow out  of t h e  i n s u l a t o r .  

w i l l  be reached when t h e  carriers flowing over t h e  Schottky b a r r i e r  are j u s t  

s u f f i c i e n t  t o  r ep lace  t h e  carriers which are cont inua l ly  being re leased  

from t h e  t r a p s  and which are a b l e  t o  flow out  of  t h e  i n s u l a t o r  without 

becoming re-trapped. 

supply t h i s  cu r ren t ,  

value less than  t h a t  requi red  t o  reduce t h e  i n t e r f a c e  f i e l d  completely t o  

zero.  

p rope r t i e s  of t h e  t r a p s  and importantly 

r e l e a s e  of t rapped carriers w i l l  have l i t t l e  effect on t h e  

i n i t i a l  charge i n j e c t i o n  model, un less  t h e  release time i s  less than a 

and w i l l  only become important f o r  times l a r g e r  than  t h e  release t i m e .  

A sketch of t h i s  premature s a t u r a t i o n  of t h e  i n j e c t e d  charge because of 

trapped carrier release is  shown i n  Figure 1 9 .  

Some of t h e  re leased  

A s teady state condi t ion 

This r equ i r e s  a non-zero Schottky b a r r i e r  f i e l d  t o  

The i n j e c t e d  charge must then  s a t u r a t e  a t  some 

This s a t u r a t i o n  value of i n j e c t e d  charge w i l l  depend on t h e  d e t a i l e d  

on t h e  depth of t h e  t r a p .  This 

0’ 

The d iscuss ion  i n  t h i s  chapter  has been i n  terms of an e l ec t ron  Schottky 

b a r r i e r  cu r ren t .  The equations and r e s u l t s  a l s o  apply t o  hole  i n j e c t i o n  

i f  one has  a negat ive b i a s  vol tage.  

is  t h e  replacement of  CT by -0 and t h e  use of  t h e  appropr ia te  hole  i n j e c t i o n  

b a r r i e r  he ight .  

The only change i n  t h e  equat ions 

An i n t e r e s t i n g  f e a t u r e  of t h e  Schottky b a r r i e r  i n f e c t i o n  model developed 

i n  t h i s  chapter  i s  t h e  somewhat s u r p r i s i n g  independence of t h e  model f romthe  

de ta i led-  p r o p e r t i e s  of t h e  t r a p s .  The t i m e  dependence of  i n j e c t e d  

charge is independent of whether t h e  t r a p s  are d i s c r e t e  i n  energy or 

d i s t r i b u t e d  i n  energy wi th in  the  band gap, except a t  very long  times 

where release t i m e .  of  t h e  traps-becomes important. 



49 

I I I I 

i n f i n i t e  t r  1" 0 

"8 e t r a p  release 

< * 6  

a 

m 
FLI 

3 

.4 

T = trapped carrier 
release-time. .2 

I n  tiT 
0 

Figure 19.  Premature s a t u r a t i o n  D f  i n j e c t e d  charge because of a f i n i t e  
t r a p  release t i m e .  

It is aJso important t o  note  t h a t  t h e  Schottky b a r r i e r  i n j e c t i o n  i s  an 

i n t r i n s i c  property of MIS devices as opposed t o  ion  i n s t a b i l i t i e s  which can 

be el iminated by c a r e f u l  manufacturing techniques.  Only i f  one can produce 

a t r a p  free i n s u l a t o r  caq one completely eliminate Schottky b a r r i e r  inj ,ect ion,  

and t h i s  is  not  l i k e l y  t o  occur i n  t h e  near  f u t u r e ?  

e l e c t r o n i c  i n s t a b i l i t y  represents  a real l i m i t a t i o n  on MIS devices.  

Thus, t h i s  type of 

It  is use fu l  at  t h i s  po in t  t o  consider t h e  magnitudes of t h e  effects 

due t o  Schottiky b a r r i e r  i n j ec t ion .  The Schottky b a r r i e r  lowering A+ is 

(48) 0 1/2 ( V/L ) 1 / 2  
E 

E 6 A+ = (0.379ev) (-) 
1 0  v/cm 

and at  room temperature 

0 1/2 V/L ) 1/2 
E 

0 E 
Z = 14.6 (-1 ( 

10 v/cm 
(49)  
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Figure 20. Reduction i n  hrrier height  and Z 0 a t  room temperature 
as a funct ion of appl ied f i e l d  

The dependence of A$ and Zo on electric f i e l d  is  shown i n  Figure 20. 

The t i m e  constant  T~ is given a t  room temperature by t h e  expression 

E 3/2 ( V/L 1 / 2  
T = (1 .12  x 1 0 - ~ ~ s e c )  (-1 6 

10  v/cm E 
0 

o 

- Z0). 
QV0 

x exp (icT" ( 5 0 )  

A sketch of T 

f o r  a f i e l d  of 10  v/cm and values of  & / E ~  of 1 and 4. 

t i m e s  given between 1 0  

which one can experimentally inves t iga t e .  

observe T 

from about 1 ev t o  about 1 .5  ev. 

r ap id ly  with b a r r i e r  he ight  

constant  of t h e . i n s u l a t o r .  

as a func t ion  of b a r r i e r  height  V 0 is given i n  Figure 2 1  
0 

6 
The range of 

-3 sec and l o 5  sec represents  t h e  p r a c t i c a l  range 

Thus if  one is  t o  experimentally 

a t  room temperature, t h e  b a r r i e r  he ight  must be i n  t h e  range 

It is  also noted t h a t  T~ var i e s  q u i t e  

$ 0 as w e l l  as with t h e  r e l a t i v e  d i e l e c t r i c  

0 
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Figure 21. T i m e  constant  T as a func t ion  of b a r r i e r  he ight  at  300°k 
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One way of minimizing t h e  e l e c t r o n i c  i n s t a b i l i t y  due t o  Schottky 

i n j e c t i o n  is t o  use an i n s u l a t o r  which has a l a r g e  b a r r i e r  he ight  between 

t h e  i n s u l a t o r  and semiconductor for both hole  and e l ec t ron  i n j e c t i o n .  

l a r g e  b a r r i e r  means t h a t  T becomes very l a r g e ,  and Schottky i n j e c t i o n  

may be negl igable  unless  one app l i e s  a b i a s  for extremely long per iods of 

t i m e .  Suppose f o r  example t h a t  one wishes t o  have T l a r g e r  than  10 sec 

which is j u s t  less than two days. 

height  as a func t ion  of teqperature .  

A 

0 

5 
0 

Figure 22 shows t h e  requi red  b a r r i e r  

A t  300° C it i s  seen t o  r equ i r e  a 

b a r r i e r  he ight  of between 2.5 and 3.0 ev.  Considering t h a t  t h i s  is  only f o r  

one type  of  carrier, one must have a t o t a l  i n s u l a t o r  b a r r i e r  height  of 

from 6 t o  7 ev i n  order  t o  have an MIS s t r u c t u r e  which does not show 

s i g n i f i c a n t  e l e c t r o n i c  i n s t a b i l i t y  a t  temperatures of  3OOOC and f o r  times 

on t h e  order  of 1 0  sec. 5 This i l l u s t r a t e s  t h e  l a r g e  b a r r i e r s  requi red  

a t  high temperatures t o  reduce Schottky b a r r i e r  i n j e c t i o n  t o  a negl igable  

effect 
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5 Figure 22. Barrier height  required t o  make T = 1 0  sec as a func t ion  
0 of temperature. 
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EXPERIMENTAL TECHNIQUES AND WSULTS 

This s ec t ion  d iscusses  t h e  experimental  techniques,  t h e  experimental  

system used f o r  MIS charge i n j e c t i o n  s t u d i e s ,  and t h e  requirements t h i s  

system must s a t i s f y .  

with a u x i l i a r y  equipment which allows continuoas,  r a p i d  measurement of  capac- 

i t a n c e  versus  vol tage  as opposed t o  poin t  by poin t  measurement. 

and o t h e r . l i m i t a t i o n s  as w e l l  as some suggestions f o r  improvement of t h e  

system are a l s o  considered. 

The system is  b a s i c a l l y  a s tandard  capaci tance br idge 

Speed 

I n  order  t o  s tudy MIS charge i n j e c t i o n  t h e  s h i f t  i n  f la t -band vol tage  

This- information can be obtained from with t i m e  must be accura te ly  known. 

p l o t t i n g  capaci tance versus vol tage  and measuring t h e  s h i f t  i n  f la t -band 

vol tage between successive curves,  

p a r a l l e l  t o  each o the r  f o r  a fast C-V b i a s  sweep as previously discussed,  so  

t h e  f la t -band vol tage  s h i f t  measurement can be made at  any convenient po in t  

along t h e  curves.  

automatic displ.ay of these  C-V curves and hence d isp lay  of t h e  f l a t  band 

vol tage s h i f t .  

The C-V curves are assumed t o  s h i f t  

The C-V measuring system under considerat ion allows for 

The requirements t h a t  t h e  experimental  system must meet have been 

These requirements can be r e s t a t e d  i m p l i c i t l y  se t  f o r t h  i n  s e c t i o n  2. 

as fol lows:  

1, 

2. 

The system must d i sp lay  t h e  s h i f t  i n  f la t -band vol tage.  

It must be poss ib l e  t o  ob ta in  "fast" C-V cu rves , i . e . ,  vol tage 

sweep times as fast as 50 mil l iseconds.  

3 .  The sweep vol tage  appl ied  across  t h e  MIS capac i tor  must be l i n e a r ,  

and t h e  bias vol tage must be s t a b l e .  

4. The temperature o f  t h e  MIS device is a parameter and must be 

con t ro l l ab le  and s t a b l e .  
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These condi t ions can be considered i n  more d e t a i l  with re ference  t o  t h e  

s p e c i f i c  system used t o  obta in  t h e  experimental  information appearing 

i n  t h i s  r epor t .  Figure 23 shows diagramatical ly  t h e  p a r t i c u l a r  system used. 

The core of t h i s  automatic C-V d i sp lay  system is t h e  General Radio Model 716-C 

Capacitance Bridge and t h e  Tektronic Model 547 Oscilloscope. 

br idge is used t o  sense t h e  v a r i a t i o n  i n  MIS capaci tance which is consequently 

displayed on t h e  osc i l loscope  v e r t i c a l  ax i s .  

a x i s  i s  con t ro l l ed  by t h e  i n t e r n a l l y  generated sawtooth which i s  a l s o  used 

ex te rna l ly  t o  l i n e a r l y  vary t h e  b i a s  across  t h e  MIS capac i tor .  

t h e  C-V trace i s  con t ro l l ed  by s e t t i n g  t h e  ho r i zon ta l  d i sp l ay  time. 

The capaci tance 

The osc i l loscope  ho r i zon ta l  

The speed of 

Since a p o s i t i v e  t o  negat ive range of vol tages  is  needed t o  ob ta in  t h e  

C-V curves,  and t h e  osc i l loscope  generates  a p o s i t i v e  ramp only,  a DC 

of f se t  i s  obtained by using a b a t t e r y  and a r e s i s t i v e  d iv ide r .  

vo l tage  i s  a l s o  used t o  b i a s  t h e  MIS device for t h e  t imes between fas t  

C-V traces, so it must be stable because s l i g h t  v a r i a t i o n s  i n  it w i l l  

show up as an a d d i t i o n a l  erroneous s h i f t  i n  t h e  f la t -band vol tage.  

has been acheived by using seve ra l  b a t t e r i e s  i n  p a r a l l e l  

diode which has a capac i tor  across  it t o  reduce noise .  

This o f f s e t  

S t a b i l i t y  

I with a zener 

Temperature c o n t r o l  is  obtained by f a s t en ing  t h e  MIS device,  which is 

mounted on a TO-5 Header and sea l ed  i n  a i n e r t  atmosphere (argon) ,  t o  an 

aluminum block which is loca ted  i n s i d e  an environmental chamber 

manufactured by Hafstrom Technical Products,  Inc.  model 700WS. Temperature 

s t a b i l i t y  i s  not t o o  cri t ical  s i n c e  t h e  maximum v a r i a t i o n  is  a f e w  degrees 

Kelvin out  of approximately s e v e r a l  hundred degrees.  

v a r i a t i o n  is  small. 

Percentage wise t h e  



56 

I 

I 

M 
C 
.d 
& 
I rn 
Id 
a, 
E 



57 

Now t h a t  t h e  requirements which any fast C-V system must meet have 

been set  f o r t h  qnd explained i n  t e r m s  of  a p a r t i c u l a r  system t h e  t a s k  

of consider ing t h i s  p a r t i c u l a r  system i n  more d e t a i l  remains. 

concerns t h e  equipment a u x i l i a r y  t o  t h e  core  components t h e  capaci tance 

br idge  and t h e  osc i l loscope .  

r equ i r e s  no explanat ion f o r  i ts  presence is t h e  Hewlett-Packard Model 

200CD Wide Range O s c i l l a t o r .  

sensing s i g n a l  t o  t h e  generator  te rmina ls  of t h e  capaci tance br idge.  

A 

t h e  lOOkHz oscil lator.  The vol tage is set so t h a t  25 m i l l i v o l t s  RMS 

appears a t  t h e  genera tor  terminals  of  t h e  capacitance br idge.  

The d e t a i l  

An important component i n  t h e  system which 

It -is used t o  supply t h e  lOOkHz e r r o r  

Hewlett-Packard model 4OOA VTVM monitors t h e  RMS output vol tage from 

Biasing of t h e  device has been mentioned b r i e f l y ,  bu t  f u r t h e r  

cons idera t ion  is necessary,  

discussed above i s  i n  s e r i e s  with t h e  sawtooth vol tage generated by t h e  

osc i l loscope ,  and these  two are e s s e n t i a l l y  i n  p a r a l l e l  with t h e  MIS 

device,  Unless t h e  osc i l loscope  is  t r igge red  ex te rna l ly  t h e r e  is no 

sawtooth, and t h e  b i a s  vol tage  alone appears across  t h e  device.  This 

b i a s  vo l tage  must have a p o s i t i v e  or negat ive p o l a r i t y  with r e spec t  t o  

t h e  metal e l ec t rode  depending on whether e l ec t ron  or hole  i n j e c t i o n  i n t o  

t h e  i n s u l a t o r  is t o  be  s tudied .  

r e v e r s a l  a double-pole, double-throw switch was i n s t a l l e d  between t h e  device 

terminals  on t h e  br idge  and t h e  device loca ted  i n  t h e  environmental chamber. 

This switch reverses  t h e  metal and semiconductor e l ec t rodes  which has t h e  

same effect as revers ing  t h e  p o l a r i t y  of  t h e  b i a s  vol tage.  

box with t h e  revers ing  switch are two wafer switches which allowl one t o  

s h o r t  t h e  metal e l ec t rode  t o  t h e  semiconductor e l ec t rode  of one of two devices on 

fa’ TO-5 header while switching t h e  o the r  device i n t o  t h e  C-V measuring system. 

The b a t t e r y  and r e s i s t i v e  d iv ide r  network 

I n  order  t o  faci l i ta te  t h i s  b i a s  p o l a r i t y  

Contained i n  t h e  

Also, t hese  switches are used t o  ground a device after da ta  has been taken a t  

a given temperature over a c e r t a i n  t i m e  per iod.  
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To determine when t h e  capacitance bridge i s  balanced a General Radio type 

1232-A Null Detector and Tuned Amplifier is used i n  t h e  system. To de tec t  t h e  

output from t h e  n u l l  detecto-uned ampl i f ie r ,  as t h e  changing device cap- 

ac i tance  unbalances the , capac i t ance  br idge,  a low loss diode de tec tor  2s in-  

s e r t e d  between t h e  n u l l  detector-tuned ampl i f ie r  and t h e  v e r t i c a l  input  of 

the< osci l loscope.  The de tec tor  cons i s t s  of an e m i t t e r  follower which 

presents  a high impedance load t o  the  n u l l  detector-tuned ampl i f ie r  and a 

low impedance source t o  t h e  diode de tec tor  and f i l t e r  which demodulates t h e  

output s i g n a l  from the  br idge y ie ld ing  a voltage which is proport ional  t o  

the  change i n  capacitance of t h e  MIS device. The tuned ampl i f ie r  must have 

5 a very high voltage gain (approximately 10 ) i n  order  t o  de t ec t  t h e  s m a l l  

e r r o r  s i g n a l  from the  capacitance bridge generated by the  s l i g h t  change i n  

MIS capacitance.  Because t h e  tuned ampl i f ie r  has such a high vol tage gain 

t h e  sawtooth generated by t h e  osci l loscope can e a s i l y  over-drive it. There- 

f o r e  a 50pf capac i tor  i s  used t o  couple the  lOOkHz e r r o r  s i g n a l  t o  t h e  tuned 

ampl i f ie r  and t o  decouple t h e  sawtooth. 

To use the  system, a device is  placed in s ide  t h e  environmental chamber 

and heated or cooled t o  t h e  des i red  temperature. 

e lec t rode  is  shor ted  t o  t h e  semiconductor e lec t rode ,  and power is appl ied 

t o  a l l  equipment. 

During t h i s  t i m e  t h e  metal 

I n i t i a l l y  t h e  lOOkHz o s c i l l a t o r  output vol tage is set  f o r  

25mv across  t h e  br idge,  t he  b i a s  vol tage is  set a t  25 v o l t s  using t h e  d i g i t a l  

voltmeter,  and t h e  sawtooth l i n e a r i t y  and amplitude is checked by observing 

it on the  oscil loscQpe after connecting a probe from t h e  device terminals  of 

t h e  bridge. The b i a s  is set t o  vary over t h e  range from plus  t o  minus 25 v o l t s .  

Since t h e  ho r i zon ta l  a x i s  of t h e  osci l loscope is now ca l ib ra t ed  a t  5v/cm, the  

s h i f t  i n  f la t -band voltage can be determined d i r e c t l y  i n  v o l t s .  

i n i t i a l  adjustments have been made a MIS device is  switched i n t o  t h e  C-V system. 

After t h e  
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Bias is appl ied  t o  t h e  device,  and t h e  br idge is  nul led.  

curves are made t o  allow adjustment of t h e  tuned ampl i f i e r  ga in  and t h e  o s c i l -  

loscope v e r t i c a l  ampl i f i e r  ga in ,  so t h a t  t h e  C-V curve covers t h e  e n t i r e  

face of t h e  osc i l loscope .  The device is  shor ted  aga in  f o r  s e v e r a l  hours 

t o  allow t h e  charge i n  t h e  i n s u l a t o r  t o  r e t u r n  t o  i ts  equi l ibr ium value.  

Then t h e  system is  ready f o r  da t a  co l l ec t ion .  

A f e w  i n i t i a l  C-V 

Typical procedure for  s tudyieg charge i n j e c t i o n  i n  a p a r t i c u l a r  device 

was as follows: t h e  system was readied  as above; t h e  MIS device was 

unshorted; t h e  Polaro id  camera l e n s  was opened; b i a s  was appl ied ,  a s top  

watch w a s  s t a r t e d ,  and t h e  osc i l loscope  was t r igge red  ex te rna l ly ,  a l l  a t  

t h e  same i n s t a n t  of t i m e ,  t o  y i e l d  an i n i t i a l  (supposedly zero t ime) 

curve,  The camera l e n s  was then  shu t .  

s top  watch continued t o  run  f o r  5 seconds a t  which t i m e  t h e  osc i l loscope  was 

The b i a s  remained appl ied  and t h e  

again t r i gge red  t o  engrave another  C-V curve on t h e  Polaroid negat ive.  

mult iplying a number by some f a c t o r ,  two i n  t h i s  case, moves one l i n e a r l y  along 

a logari thmic scale, C-V curves were a l s o  taken a t  1 0 ,  20, 40, 80, 160, 320, 

Since 

and 

lo4 

t h e  

t h e  

3 640 seconds and a t  1.3,  2 . 6 ,  and 5 . 2  t i m e s  1 0  and 1, 2,  4 ,  8, times 

secnnds. Also,choosing t h e s e  times l e f t  l i t t l e  room f o r  e r r o r  s ince  

same po in t s  were always used on t h e  t i m e  a x i s  of t h e  semilog p l o t .  

s h i f t  i n  f la t -band vol tage is d i r e c t l y  r e l a t e d  t o  t h e  i n j e c t e d  charge 

Since 

dens i ty  (see equation 5 )  a p l o t  of i n j e c t e d  charge dens i ty  vergus t h e  

logarithm of  t i m e  was obtained. 

any charge t rapped by su r face  states a t  t h e  insulator-semiconductor i n t e r f a c e .  

O f  course included i n  t h i s  charge dens i ty  is 

To ta l  time requi red  t o  obta in  da t a  a t  one temperature and for one type  

of e l e c t r o n i c  charge (hole  or e l e c t m n )  i n j e c t i o n  w a s  about 24 hours. 

same precedure w a s  followed a t  t h e  same temperature f o r  i n j e c t i o n  of  t h e  o the r  

The 



type of  charge,  and then t h e  process w a  

temperatures genera l ly  used were 0 ,  20, 

hours under b i a s  a de 

t h e  i n j e c t e d  charge t o  g e t  out  o f  t h e  i 

be undertaken. 

The accuracy of t h e  system can be discussed i n  terms of t h e  poss ib l e  

It has been t a c i t l y  assumed up t o  t h i s  po in t  sources  of e r r o r  wi th in  it. 

t h a t  t h e  q u a l i t y  f a c t o r ,  Q,  of  t h e  MIS capac i to r  is greater than 10 .  

With t h i s  assumption t h e  unbalancing of t h e  capaci tance br idge  is attr i-  

butab le  t o  t h e  v a r i a t i o n  of MIS capaci tance only,  as opposed t o  v a r i a t i o n  

i n  p a r a l l e l  r e s i s t a n c e .  To v e r i f y  t h e  v a l i d i t y  of  t h i s  assumption capacitance 

and r e s i s t a n c e  versus  vol tage were p l o t t e d  po in t  by po in t  f o r  s e v e r a l  devices ,  

and t h e  p a r a l l e l  r e s i s t a n c e  was observed t o  be immeasurably l a r g e .  

source of e r r o r  w a s  t h e  noise  generated by the  high ga in  tuned ampl i f ie r .  

Minimum ampl i f i e r  ga in  was used t o  reduce t h e  noise t o  an acceptable  l e v e l ,  

meaning the,C-V curve on t h e  osc i l loscope  face approached as near  as poss ib le  

t h e  i d e a l  shape. 

Another 

A t h i r d  source of e r r o r  can be a t t r i b u t e d  t o  t h e  fact t h a t  

t h r e e  vol tages- the b i a s ,  t h e  sawtooth, and t h e  lOOkHz e r r o r  signal-appeared 

across  t h e  device under test. 

t o  exac t ly  where each C-V trace s t a r t e d  on t h e  vol tage a x i s .  

These vol tages  c rea ted  an uncer ta in ty  as 

These e r r o r s  
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Other poss ib l e  e r r o r  sources  come from t h e  environmental chamber and 

capaci tance br idge.  

+O. l°C temperature c o n t r o l  capab i l i t y .  

observed. 

which has been confirmed through the  use of a p rec i s ion  capac i tor .  

o v e r a l l  accuracy and l i n e a r i t y  of t h e  system w a s  also checked with a General 

Radio type 1422-MD p rec i s ion  capac i tor  and proved acceptable .  

The environmental chamber s p e c i f i c a t i o n s  s t i p u l a t e  a 

Control of about k l 0 C  was a c t u a l l y  

The accuracy of t h e  capaci tance br idge i s  spec i f i ed  as +(O.l%+lpf) 

The 

In  conclusion, some comments about speed of  opera t ion  and about 

gene ra l  ways t o  improve t h e  system are i n  order .  

with a t o t a l  b i a s  sweep t i m e  of 50 m s .  

t i m e  i s  set a t  5ms/cm.) 

The present  system opera tes  

(Oscil loscope ho r i zon ta l  d i sp lay  

The t o t a l  b i a s  sweep t i m e  could be as fast as 

100 LIS with some loss i n . l i n e a r i t y  of t h e  e x t e r n a l  sawtooth vol tage which 

i s  appl ied  t o  t h e  MIS device.  

t o  t h e  n u l l  d e t e c t o r  becomes more cr i t ical .  The source impedances of t h e  

b i a s  supply,  b a t t e r y  and osc i l loscope  with r e spec t ive  r e s i s t i v e  d iv ide r s ,  and 

t h e  n u l l  detector- tuned ampl i f i e r  coupling capac i tor  t oge the r ,  determine 

how much of t h e  sawtooth is coupled i n t o  t h e  de t ec to r  c i r c u i t s  as e r r o r .  

These impedances would havetolbemeadjusted for  higher  sweep r a t e s .  

t h e  bias a t  a high rate would a l s o  r equ i r e  a higher  e r r o r  s i g n a l  frequency 

as discussed i n  Chapter 2 .  

they .enhance t h e  accuracy of s h o r t  t i m e  da t a  (less than  one second). 

Using d i f f e r e n t i a l  techniques t o  keep t h e  sawtooth out  of t h e  tuned 

ampl i f i e r  and using a high ga in  tuned ampl i f i e r  optimized as an ampl i f i e r  

i n s t ead  of  a n u l l  de t ec to r  could add considerably t o  system performance. 

Also t h e  problem of coupling t h e  sawtooth 

Varying 

Greater b i a s  sweep r a t e s  are des i r ab le  s ince  
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Figure 24. Typical s h i f t  i n  f la t -band vol tage with time under 
p o s i t i v e  and negat ive b i a s  f o r  S i  N devices 3 4  

Typical changes i n  f la t -band vol tage  f o r  t h e  s i l i c o n  n i t r i d e  devices 

are shown i n  Figure 24 for a device a t  room temperature.  To ob ta in  t h e  

experimental  da t a  t h e  device w a s  b iased i n  t h i s  case a t  a cons tan t  vol tage 

of e i t h e r  +20 v o l t s  or -20 v o l t s .  F a s t  C-V sweeps ( 5 0  msec from -20 t o  

+20 v o l t s )  were taken a t  t h e  time i n t e r v a l s  shown i n  t h e  f igu re .  Assuming 

t h a t  t h e  sweep is s u f f i c i e n t l y  fast not  t o  d i s t u r b  t h e  i n s u l a t o r  charge 

appreciably,  t h e  changes i n  flat band vol tage then  correspond t o  changes 

i n  i n s u l a t o r  charge,  Several  important f e a t u r e s  are noted from t h e  da ta .  

F i r s t  a negat ive b i a s  causes V t o  s h i f t  i n  t h e  negat ive vol tage d i r e c t i o n  FB 
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i nd ica t ing  an increase  i n  p o s i t i v e  charge near  t h e  i n s u l a t o r  semiconductor 

i n t e r f ace .  A p o s i t i v e  b i a s  produces a s h i f t  toward l a r g e r  p o s i t i v e  vol tages  

ind ica t ing  an increase  i n  negat ive charge near t h e  semiconductor i n s u l a t o r  

i n t e r f a c e .  I t  is noted t h a t  t h e  f la t -band vol tage changes from negat ive 

t o  p o s i t i v e  values  ind ica t ing  t h e  dominance of negat ive charge after long 

p o s i t i v e  g a t e  b i a s ,  These changes are i n  t h e  opposi te  d i r e c t i o n  t o  those 

normally observed on S i 0  

e l e c t r o n i c  motion as discussed i n  t h e  previous s e c t i o n  and cannot be explained 

devices and can only be explained by an 2 

by ion  motion wi th in  t h e  i n s u l a t o r .  

A second major feature of  t h e  da t a  is  t h e  extremely long time na ture  of  

t h e  phenomena, A s  t h e  da t a  i n d i c a t e s ,  s i g n i f i c a n t  changes i n  f la t -band vol tage 

are occuring i n  times less than a f e w  seconds, and a t  t h e  o the r  extreme t h e r e  

is as y e t  no tendency f o r  s a t u r a t i o n  of t h e  f la t -band vol tage changes even 

af ter  many hours.  A s  discussed i n  t h e  previous s e c t i o n  it is  d i f f i c u l t  t o  

d i s t ingu i sh  absolu te ly  between charge i n j e c t i o n  i n t o  t h e  bulk of t h e  i n s u l a t o r  

and i n t e r f a c e  state charge changes, 

mely long t i m e  na ture  of t h e  phenomena ind ica t e s  a bulk i n j e c t i o n  e f f e c t .  

I t  is  be l ieved ,  however, t h a t  t h e  ex t re -  

Changes i n  i n t e r f a c e  state dens i ty  would be expected t o  be exponent ia l ly  

r e l a t e d  t o  t i m e  and no t  t o  behave i n  t h e  manner shown i n  Figure 24*  

The above major f e a t u r e s  have been cons i s t en t ly  observed on many 

samples and a t  many d i f f e r e n t  temperatures.  Typical ly  t h e  observed changes 

a t  room temperature were such t h a t  s i g n i f i c a n t  changes i n  t h e  charge 

occured i n  times of  less than one second. This makes it d i f f i c u l t  t o  

observe a t  room temperature t h e  i n i t i a l  chauges i n  f la t -band vol tage 

following t h e  app l i ca t ion  of a vol tage  pulse .  

down somewhat by going t o  reduced temperatures.  

a t  O°C is shown i n  Figures 25 and 26. 

The phenomena can be slowed 

Typical da t a  f o r  a device 

The change i n  f la t -band vol tage has 
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been normalized with r e spec t  t o  t h e  appl ied  vol tage.  

t h e  f i g u r e s  are t h e o r e t i c a l  curves similar t o  those shown i n  Figure 18. 

corresponding value o f  T 

i n  t h e  f igu res .  In  both f igu res  t h e  s o l i d  curves correspond t o  Z values 

of approximately 36, 

vol tage and t h e  i n s u l a t o r  th ickness  is  29.3 which is  about 25% smaller than 

t h e  value needed t o  g ive  t h e  bes t  f i t  t o  t h e  experimental  da t a .  This means 

t h a t  t h e  i n i t i a l  b a r r i e r  lowering requi red  t o  give t h e  t h e o r e t i c a l  curves 

is s l i g h t l y  l a r g e r  than t h e  i n i t i a l  b a r r i e r  lowering ca l cu la t ed  using t h e  

appl ied  vol tage  and average i n s u l a t o r  thickness .  

t h i s  is not  known, 

is  not  considered i n  t h e  t h e o r e t i c a l  model but  which does make a 

s i g n i f i c a n t  cont r ibu t ion  t o  the  t o t a l  i n s u l a t o r  charge. It could a l s o  

be due t o  a nonuniform thickness  of t h e  i n s u l a t o r  f i l m .  

The s o l i d  l i n e s  i n  

The 

f o r  both e l ec t ron  and hole  i n j e c t i o n  is  indica ted  
0 

0 

The t h e o r e t i c a l  value ca l cu la t ed  nstng t h e  appl ied  

The exact  reason for  

I t  may be due t o  t h e  i n i t i a l  i n s u l a t o r  charge which 

From t h e  values  of T given i n  Figures 25 and 26 maximum es t imates  

of t h e  b a r r i e r  f o r  both e l ec t rons  and holes  can be obtained using t h e  

model of t h e  previous s e c t i o n ,  

0 

These ca l cu la t ions  g ive  t h e  values  

'no = 1.53ev, 

1,51ev. (51) 
@PO 

These values  were ca l cu la t ed  on t h e  assumption t h a t  t h e  i n j e c t e d  charge 

is t rapped c lose  t o  t h e  insulator-semiconductor i n t e r f a c e .  If t h i s  i s  

not  t h e  case then t h e  b a r r i e r s  w i l l  be even lower than  those  ca l cu la t ed  

above, 

n i t r i d e  f i l m  of 

The above values  i n d i c a t e  a t o t a l  b a r r i e r  height  f o r  t h e  s i l i c o n  

E = 4,14ev. (52) €5 
This value is  c lose  t o  t h e  value of 4.5ev repor ted  by Gray E241 as 



obtained by o p t i c a l  measurements on s i l i c o n  n i t r i d e .  This agreement 

provides a d d i t i o n a l  support  f o r  t h e  Schottky b a r r i e r  i n j e c t i o n  model 

proposed i n  t h i s  work. 

This d a t a  shown i n  Figures 25 and 26 i n d i c a t e  almost completely 
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as 

symmetrical behavior f o r  both p o s i t i v e  and negat ive b i a s  with an almost 

i d e n t i c a l  b a r r i e r  f o r  both types of  i n j e c t i o n .  

e x h i b i t  an unsymmetrical behavior with respec t  t o  p o s i t i v e  and negat ive b i a s .  

Data f o r  such a device are shown i n  Figures 27 and 28. 

p o s i t i v e  b i a s ,  times longer  than 1 0  sec are requi red  before  any appreciable  

s h i f t  i n  t h e  f la t -band  vol tage is observed. 

b i a s  t h e  change is  very r ap id  and has e s s e n t i a l l y  sa tu ra t ed  f o r  t i m e s  l a r g e r  

than 1 0  sec. This type of  behavior i nd ica t e s  a l a r g e r  b a r r i e r  f o r  e l ec t ron  

i n j e c t i o n  than f o r  ho le  i n j e c t i o n .  

i n  t h e  f i g u r e s  and t h e s e  l ead  t o  t h e  ca l cu la t ed  b a r r i e r  he ights  of 

Many devices were found t o  

It is seen t h a t  f o r  

4 

On t h e  o the r  hand f o r  negat ive 

3 

The approximate values  of  T are indica ted  
0 

@no = 1.71ev, 
(53) 

@PO = 1053ev, 

and thus  a t o t a l  band gap f o r  t h e  s i l i c o n  n i t r i d e  of 

E = 4.34 ev. (54) €9 
These s l i g h t  d i f f e rences  i n  b a r r i e r  he ight  and i n  t o t a l  band gap for t h e  

s i l i c o n  n i t r i d e  f i l m s  are not very s u r p r i s i n g  when it is r e c a l l e d  t h a t  a 

f a i r l y  wide range of depos i t ion  parameters ( i . e  silane-to-ammonia r a t i o s )  

were used i n  depos i t ing  t h e  f i l m s .  

parameters on t h e  b a r r i e r  he ights  would be an i n t e r e s t i n g  s tudy.  

also i n t e r e s t i n g  t o  note  t h a t  t h e  approximately fou r  orders  of magnitude 

t i m e  d i f f e rence  i n  t h e  response for  p o s i t i v e  and negat ive b i a s  is  accounted 

for  by b a r r i e r  height  d i f f e rences  for hole  and e l ec t ron  i n j e c t i o n  of only 0.2ev. 

A study of  t h e  effect of t h e  deposi t ion 

It is  
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The da ta  i n  Figure 28 a l s o  ind ica t e s  t h e  s a t u r a t i o n  of t h e  flat-band 

vol tage  s h i f t  a t  about 17.5 v o l t s  f o r  an appl ied  vol tage  s t e p  of 25 v o l t s .  

A q u a l i t a t i v e  explanat ion of  t h i s  is given i n  t h e  previous s e c t i o n  i n  

connection with Figure 19.  This is t o  be expected on a l l  devices but  

was r a r e l y  observed because of t h e  long t i m e  requi red  t o  observe t h i s  

. 

effect on most devices .  

The da ta  shown i n  t h e  previous f i g u r e s  is  t y p i c a l  of t h a t  obtained 

on a l a r g e  number of devices.  P r a c t i c a l l y  a11 devices exhib i ted  a cal- 

cu la ted  t o t a l  s i l i c o n  n i t r i d e  band gap of about 4.2 ev  with p a r t i c u l a r  

devices ranging t o  as much as 0.2 ev on e i t h e r  s i d e  of t h i s  value.  

Occasionally some devices were found t o  e x h i b i t  erratic behavior.  

Data f o r  such a device are shown i n  Figure 29, I t  appears t h a t  t h e  

i n j e c t e d  charge is  r ap id ly  being compensated i n  some manner when t h e  

discontinuous behavior occurs.  This compensation may be.due t o  high f i e l d  

breakdown i n  t h e  n i t r i d e  i n s u l a t o r .  Some devices were a l s o  cooled t o  

l i q u i d  n i t rogen  temperature and found t o  e x h i b i t  erratic behavior 

following t h i s  l o w  temperature.  The phys ica l  o r i g i n  of t h i s  erratic 

type of behavior is not  completely understood qnd has not been exten- 

s i v e l y  inves t iga t ed  i n  t h i s  work. 

I n  add i t ion  t o  t h e  C-V measurements discussed above, t r a n s i e n t  cur ren t  

measurements on t h e  s i l i c o n  n i t r i d e  devices were also attempted, The 

g a t e  cur ren t  should g ive  an ind ica t ion  of t h e  depth t o  which t h e  i n j e c t e d  

charges move i n  t h e  i n s u l a t o r  before becoming trapped. 

flowing t o  t h e  g a t e  is considerably less than t h e  charge build-up wi th in  

t h e  i n s u l a t o r ,  then t h e  charge must be t rapped c lose  t o  t h e  interface. 

If t h e  to ta l  charge 

On t h e  o the r  hand i f  t h e  g a t e  charge flow is considerably l a r g e r  than t h e ,  

i n s u l a t o r  charge build-up, t h e  bulk of t h e  charge flow must be completely 

through t h e  i n s u l a t o r  with l i t t l e  t rapping .  Current measurements were 
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made with a Keithley model 610B e lec t rometer  i n  series with t h e  device 

under t h e  vol tage  b i a s  experiments. 

t h e  measured cu r ren t  and t h e  change i n  f la t -band vol tage.  

t h e  cu r ren t  remained cons tan t  a t  a value i n  t h e  neighborhood of  

lo-* amp during t h e  e n t i r e  measurement. These are considerably larger 

cu r ren t s  than those needed t o  explain t h e  s h i f t s  i n  f la t -band vol tage.  

I t  i s  be l ieved  t h a t  t h e  observed cu r ren t s  were due t o  sur face  leakage 

and not  t o  a bulk cu r ren t  flow., 

of measured cu r ren t .  Also it was observed t h a t  t h e  value of cu r ren t  

could be changed by blowing on t h e  device.  

ca t ion  t h a t  t h e  observed cu r ren t  w a s  due t o  sur face  leakage. 

N o  c o r r e l a t i o n  was found between 

Typical ly  

t o  

This would expla in  t h e  constant  value 

This i s  another  good ind i -  
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5. DISCUSSION AND CONCLUSIONS 

The present  work has been concerned mqinly with one p a r t i c u l a r  type 

of i n s t a b i l i t y  i n  MIS s t r u c t u r e s .  

i n s t a b i l i t y  which is due t o  Schottky b a r r i e r  i n j e c t i o n  of  e l ec t rons  and 

holes  i n t o  t h e  i n s u l a t o r  and t h e  subsequent t rapping of t hese  carriers 

i n  t h e  i n s u l a t o r .  

of MIS i n s t a b i l i t i e s  and a d e t a i l e d  discussion of Schottky b a r r i e r  

i n  j ect ion e 

This is t h e  e l e c t r o n i c  type of 

A genera l  discussion has been presented of  a l l  types 

The experimental da ta  for  s i l i c o n  n i t r i d e  in su la t ing  f i l m s  agrees 

p r e t t y  w e l l  with t h e  t h e o r e t i c a l  model f o r  Schottky b a r r i e r  i n j ec t ion .  

The mqre important f ea tu re s  of t h e  charge i n s t a b i l i t y  i n  s i l i c o n  nh t r ide  

f i l m s  are t h e  opposite d i r ec t ion  of t h e  changes i n  i n s u l a t o r  charge from 

t h a t  of s i l i c o n  dioxide and t h e  very long t i m e  na ture  of t h e  phenomena. 

The s h i f t  i n  f la t -band voltage of an MIS capac i tor  following t h e  appl ica t ion  

of a b i a s  vol tage i s . found  both t h e o r e t i c a l l y  and experimentally t o  depend 

e s s e n t i a l l y  on h ( t )  over a l a rge  t i m e  i n t e r v a l .  

dependence r a r e l y  encountered i n  nature  and requi res  s p e c i a l  care i n  

making measurements. 

than s i x  orders  of magnitude i n  t i m e .  

effect very d i f f i c u l t  because one must be ab le  t o  handle both sho r t  t i m e s  

i n  t h e  mil l isecond range and long times on t h e  order  of  days. 

t h e  equipment becomes a problem f o r  very long t i m e  measurements. 

This is  a type of t i m e  

The observed changes were found t o  occur over more 

T h i s  makes da t a  taking of  such an 

D r i f t  i n  

From t h e  experimental measurements and t h e  t h e o r e t i c a l  model, b a r r i e r  

he ights  f o r  e l ec t ron  and hole  i n j e c t i o n  i n t o  t h e  i n s u l a t o r  from t h e  s i l i c o n  

have been estimated as w e l l  as t h e  t o t a l  band-gap i n  the  s i l i c o n  n i t r i d e  

in su la to r .  The b a r r i e r s  f o r  holes  and e l ec t rons  have been found t o  be 

about 1.5ev t o  2.0ev. The b a r r i e r  f o r  hole  i n j e c t i o n  w a s  t y p i c a l l y  found 
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t o  be a f e w  t en ths  of an ev  

Some devices were observed, 

f o r  both types of carriers. 

smaller than t h e  b a r r i e r  f o r  e l ec t ron  in j ec t ion .  

however, t o  have approximately equal  b a r r i e r s  

Variat ions i n  t h e  ind iv idua l  e l ec t ron  and 

hole  b a r r i e r s  tended t o  be somewhat l a r g e r  than t h e  va r i a t ions  i n  t h e  

t o t a l  band-gap of t h e  s i l i c o n  n i t r i d e  which has been est imated t o  be 

4.2ev f 0.2ev. Some of t h e  observed d i f fe rences  i n  energy b a r r i e r s  

from device t o  device are probably due t o  d i f fe rences  i n  t h e  deposi t ion 

parameters. 

The work described i n  t h e  r epor t  does not d i r e c t l y  involve r ad ia t ion  

This work, however, grew out  of ea r ly  at- effects on sur face  proper t ies .  

tempts t o  study gamma i r r a d i a t i o n  effects on' s i l i c o n  n i t r i d e  capac i tors .  

The i n i t i a l  i r r a d i a t i o n s  gave inconclusive r e s u l t s  because of t h e  l a rge  

i n s t a b i l i t y  present  i n  these  devices.  

complete understanding w a s  needed of t h e  i n s t a b i l i t y  i n  s i l i c o n  n i t r i d e  

before  meaningful i r r a d i a t i o n  work could be undertaken. It i s  bel ieved 

t h a t  t h i s  work has now provided a cons is ten t  and first order  explanation 

of t h e  e l e c t r o n i c  type of i n s t a b i l i t y  present  i n  s i l i c o n  n i t r i d e .  

A very important problem i n  connection with MIS devices ,  including 

s i l i c o n  dioxide devices,  is to decrease the  s e n s i t i v i t y  t o  i r r a d i a t i o n .  

Much e f f o r t  i s  present ly  being exer ted  by many groups on t h i s  problem. 

The present  work sheds important l i g h t  on the  d i r ec t ion  i n  which t h i s  

work must go. It i s  now general ly  recognized t h a t  t h e  s e n s i t i v i t y  of 

s i l i c o n  dioxide MOS devices t o  i r r a d i a t i o n  is due t o  t h e  l a rge  assymmetry 

i n  t h e  t rapping of e l ec t rons  and holes .  

g e t  out  of t h e  s i l i c o n  dioxide while t h e  holes  become trapped almost 

immediately a t  t h e  poin t  where they are created.  

I t  w a s  recognized t h a t  a more 

Created e l ec t rons  are ab le  t o  

Short of c r ea t ing  a 



t r a p  free i n s u l a t o r  which does not ap 

so lu t ion  t o  t h i s  problem is t o  use an 

and holes  are very rap id ly  trapped afte 

use of s i l i c o n  n i t r i d e  and var  

aluminum oxide and deposited Si0 

thermally grown S i 0  

aluminum oxide is g rea t ly  reduced over t h a t  i n  s i l i c o n  dioxide. 

work shows, however, t h a t  e l ec t ron ic  i n j e c t i o n  i n t o  the  i n s u l a t o r  can 

be a very real problem with s i l i c o n  n i t r i d e  (it may a l s o  be a problem 

with aluminum oxide).  

l a t o r  with a t o t a l  band gap i n  the  neighborhood of 7ev i n  order  t o  

e l iminate  Schottky b a r r i e r  i n j e c t i o n  a t  a temperature of 3OOOC.  

In  addi t ion  ion motion i n  s i l i c o n  n i t r i d e  and 
2 O  

The present  

A s  discussed i n  t h i s  r epor t  one must have an insu- 

This 

r u l e s  out  many insu la to r s  including s i l i c o n  n i t r i d e  f o r  use d i r e c t l y  

on s i l i c o n ,  

Thermally grown s i l i c o n  dioxide has been found t o  have the  required 

band-gap (on the  order  of 8ev) t o  minimize the  e l ec t ron ic  type of 

Schottky b a r r i e r  i n j ec t ion .  

i n su la to r  f o r  t he  s i l i con - insu la to r  i n t e r f a c e ,  

followed by o ther  fnsu larors  such as s i l i c o n  n i t r i d e  or aluminum oxide 

are l i k e l y  t o  lead  t o  the  most i n sens i t i ve  MIS devices.  

This may very l i k e l y  prove t o  be the  b e s t  

2 
A t h i n  l aye r  of S i 0  

Some i n i t i a l  

work has been done i n  t h i s  area using s i l i c o n  n i t r i d e  in su la to r s  with 
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